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Abstract

This paper provides a critical review concerning the implementation of compressed earth block
(CEB), a modernized earthen material form, into the construction industry worldwide. The
capabilities of the implementation are characterized by multiple traits showcasing the potential
applications of CEB as an affordable, renewable, and sustainable alternative solution in future
housing applications. Worldwide, much research has been developed to showcase the potential
benefits of CEB, including expanding the use of more local materials, more efficient
construction, remarkable thermal capabilities, decreased transportation costs, and reduced carbon
emissions. Construction efforts with CEB can assist communities in providing low-cost housing
solutions to implement and increase job opportunities for implementation. This paper identifies
the opposing technical, economic, and social barriers that could slow down the implementation
of CEB into large-scale adoption of CEB masonry and presents suggested facilitators to combat
each stopping point for its implementation. This critical review focuses on the requirements to
create and implement standards for CEB as a house-building material and includes a proposed
holistic action plan, for marketing CEB as a building material of choice. The proposed action
plan shows that upscaling CEB masonry in the construction industry requires additional efforts
in concerted research, developing technical standards and codes of practice, education, and

public consciousness.

The second section addresses the research question, “How can the compressive strength of the
unit compressed earth block be correlated to predict the compressive strength of CEB structural
assemblies (such as walls) made of the same single CEB blocks?” To do this, a large database of
compressive tests on stabilized CEB masonry units, assemblies (prisms), and walls reported in

the literature over the past three decades were assembled and analysed to develop accurate and
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simple formulae to predict the compressive strength of stabilized CEB walls from unit strength.
A thorough critical review of the database was conducted to evaluate the effects of different
factors on the compressive strength of stabilized CEB. The collected database was statistically
analysed to derive an accurate empirical formula to estimate the compressive strength of
stabilized CEB walls from the unit strength. The predictive capability of the formulae proposed
was compared to the existing empirical equations, and it was found to produce the most accurate
predictions of the compressive strength of stabilized CEB masonry walls with the least variation.
The proposed formula can be utilized in CEB design codes, contributing to solving the lack of
standardization, which is the most significant barrier to the large-scale implementation of CEB.
This effort can help advance the effective use of CEB masonry as a competitive building

material.

Keywords: compressed earth block, walls, sustainable building materials, earth construction,

compressive strength, durability, affordability, housing solutions, prediction models
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Implementation of Compressed Earth Blocks for Sustainable and Low-Cost

Housing Solutions: A Critical Review

In the construction industry, there is a limited list of low-cost, sustainable building
materials associated with standards which are available to engineers. Without building material
standards, engineers are limited in their choice of materials in a construction project. They may
use a material that is not associated with a standard, but their use of it must be carefully considered,
and must be deployed in such a manner that it does not create risks or hazards for clients or future
occupants. With respect to currently permitted materials for structural design, then, the industry is
limited to concrete mixes, wood, steel, and other materials with smaller uses (ElI-Mogy, 2019).
One material base, specifically soil, offers potential as a building material in the housing
construction industry, but its usage is currently limited by a lack of standardization. One possible
earthen building material that can be implemented is compressed earth block (CEB); a masonry
unit consisted of compacted, stabilized soil. This paper features a critical literature review of this

building material--compressed earth block--and addresses one aspect of its standardization.

Research Questions and Goals

At this time, compressed earth blocks have already been employed for house construction
in multiple areas worldwide, including Africa, Asia, and Latin America (Bredenoord &
Kulshreshtha, 2023). CEB was developed in the 1950’s, sparked by the introduction of a manual
hand-cranking device, used to compress the local soil down to a predictable “block-like” building
material (Paula Junior et al., 2024). Although much research has been done worldwide on the
material, the largest barrier to its implementation in the United States is its lack of standardization
as a building material for engineers. CEB has proven it has many advantages, from thermal

conductivity, mechanical characteristics, and a high sustainability profile, however, its standing as
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a building material in the construction industry does not reflect these qualities, showcasing an
underutilization. In the first part of this paper, compressed earth block is evaluated in a critical
review and compressive strength analysis to provide adequate reasoning for the future

implementation into the construction industry for building materials.

The first section of this paper addresses the following research question: “How can we
upscale the use of compressed stabilized earth block masonry in construction.” It critically reviews
the latest research on the physical, mechanical, and durability properties of CEB in a comparative
fashion with the properties of other masonry materials, such as concrete masonry and fired clay
brick masonry. The study aims at identifying multiple technical, economic, and social barriers that
impede the large-scale adoption of CEB masonry in construction and suggested facilitators to
overcome the impendence posed by the barriers. Additionally, this paper proposes a holistic action
plan to enhance the competitiveness of CEB as a building material of choice. The proposed action
plan shows that upscaling CEB masonry in the construction industry requires additional efforts in
concentrated research, developing technical standards and codes of practice, education, and public

consciousness.

The second section this paper addresses the following research question: “How can the
compressive strength of a single compressed earth block (CEB) be correlated to predict the
compressive strength of CEB structural assemblies (such as walls) made of the same single CEB
blocks?” The answer to this question can help to advance the standardization of CEB as a building
material for the housing industry. Building material standards typically address compressive
strength ranges and compressive strength testing. Compressive strength refers to the resistance of
a building material to breaking under compression, commonly measured in megapascals

(Sajanthan et al., 2019). Examples of standards that address building material compressive strength
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include ASTM Standard C55 (Compressive Strength of Concrete Building Basics) (ASTM
International, 2023) and ISO 10400 (Test Methods for Determining Compressive Strength of
Concrete) (International Organization for Standardization, 2020). This paper seeks to build the
knowledge base on the compressive strength of CEB to directly reference for the development of
a regression analysis. Currently, compressed earth blocks can make for a possible solution to
relevant building material issues at hand, if the adequate standards can be placed in the hands of

engineers for the future.

The purpose of this thesis is to report the results of an investigation focused on the
derivation of an equation to standardize compressed earth blocks formatted as a wall. Such an
equation would enable structural engineers to reliably and safely deploy CEB as a building
material for houses. The compressive strength of a building material is a fundamental mechanical
property. Developing an understanding of this mechanical property for CEB can help to develop
the future progress of the material as a housing solution, which will also be aided by its low cost
(Han et al., 2020) and its sustainability (Fernandes et al., 2019). Implementation of CEB--the
modern version of soil construction--has the potential to significantly impact the construction
industry. Moreover, CEB is associated with many new purposes, uses, and benefits with respect to
traditional building materials, including lower cost, ease of production, and healthy environmental

impact, along with possible innovative construction endeavors to come (Ertas et al., 2008).

Significance of CEB Implementation

This paper includes a review of the individual components that make up a CEB block,
along with the potential social impact that the material could have on construction. A review of
compressed earth blocks indicates that the material potentially offers a major solution to a

worldwide problem: the lack of housing (Bredenoord & Kulshreshtha, 2023). CEB could be
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effectively utilized to provide an affordable housing solution as its main component is soil, which
can be found locally, alongside water, and possible stabilizers added to the blocks to create greater
strength in keeping a house together (Bredenoord & Kulshreshtha, 2023). In normal construction
projects, heavy materials, like concrete from large mixing trucks, or structural steel in large
flatbeds, might have to be transported far distances, which increases their costs. On the other hand,
with the creation of CEB able to be produced almost anywhere, soil is mixed, compressed, and
sent off in smaller loads to the site itself. Construction costs are decreased and make the overall
price to build significantly less on a large scale. It is for this reason that the implementation of
CEB has such a potential significance in furthering the development of wide-scale affordable
housing (Obioha, 2021). Once CEB standards can be set in place for engineers to utilize, a potential
path could be initiated for the growth of low-cost construction made sustainably in the house

construction industry in the United States.

Paper Guide

This paper follows a general format split into two sections for reader benefit. First, a
general background on the topic of compressed earth block is provided, giving general
information on composition, production, and important topics to consider when looking at the
future possibilities of CEB. This overview provides the necessary content required to understand
the current state of CEB. Next, the methods for compiling necessary research, and the results that
came from using referenced methods are presented. The methods in the first section of this thesis
focus on the systemic search criteria and citation search design necessary to compile a wide
database inclusive of multiple CEB topics for a critical review and regression analysis. The
results of the first section shows the primary facilitators and barriers discovered by utilizing the

research methods, and the importance they bring to both sides of the argument for CEB
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implementation. In between sections, this paper transitions with a Holistic Action Plan, looking
at both sides of the argument for implementation, and recommendations for the next steps to
furthering research for future researchers. Following the Holistic Action Plan, this paper explores
various experimental test data to develop a proposed model for characterizing the relationship
between CEB units and CEB wall assemblies. Finally, the concluding remarks are based on the
resulting literature discovered, overviewing the advantages and disadvantages brought to the
argument for CEB implementation, and an overall recommendation is provided on how the

barriers can be best combatted to progress the future of CEB.
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Background

In order to understand the investigation associated with this paper’s research questions,
background knowledge on compressed earth block is required. In this section, major topics about
CEBs are introduced, detailing its material composition, production capabilities, potential uses
worldwide, sustainability profile, and the possible cost-benefits that can be offered to the

construction industry.

Material Composition of CEB

A major topic of concern is the material composition of CEBs. As always, soil is a major
material associated with CEBs, but the geotechnical properties also must be considered, along
with any additives. Cement, lime, fibers, and other potential stabilizers are all components that
could improve the compressive strength, and in doing so, the overall quality of a CEB (Riza et
al., 2010). This raises the issue of stabilized versus unstabilized solutions. Most obviously,
unstabilized, without any additional components to strengthen CEBs properties would be worse
than stabilized solutions, but by how much, is something that could be investigated, because of
the high usage of unstabilized CEBs seen in underdeveloped countries worldwide (Bredenoord &

Kulshreshtha, 2023).

Stabilized CEBs are soil compressed with additives (lime, cement, and other stabilizers) to
enhance the quality of the block (Bailly et al., 2024). Other ways to improve CEBs performance
range from to strengthening the material, using mortar, adding insulation to thicken the thermal
capacity of the blocks, applying finishes to make each block water resistant, and control layers

for any additional benefits to the structure (Endeavour Centre, 2021).
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Looking at the soil, the largest part of a CEB, there are major effects that have to be
considered prior to using it in compression. Although soil can be found almost everywhere, some
soils, specifically clay-based, prove to be much more effective as a CEB than others (Han et al.,
2020). Many literature sources utilize the particularly beneficial clay-based CEB due to its
mechanical capabilities. In Keeler et al. (2024), the test results showed that natural soils with
enough clay content are capable of preparing stabilized CEBs without knowing the specific soil
gradations as long as the minimum of an effective stabilizer is used in producing the CEBs. For
compressed stabilized earth block, a minimum of 5% cement will result in a unit strength of 3-5
MPa (Uzoegbo, 2020). Climate, more for the compaction and the eventual construction, is a
major factor as to whether the material is appropriate for the situation (Bailly et al., 2024). With
climate and the soil in that area, it is also important to recognize the water necessary for each
batch. A wide range of soil types can be seen across the United States, from the desert of New
Mexico and Texas to the cold, moist soil that originates here in Wisconsin (United States
Department of Agriculture, 2024). In this situation, the moisture content of soil per climate
would have to be reviewed for the optimal water mix. With water, the composition of the soil and
the added substances also affect the effectiveness for CEB’s; how wide of a soil composition, or
mix of soil itself, can be experienced for a CEB to remain stable across a standard for

construction?

As for added substances and materials, there is an argument over the implementation of
stabilized versus unstabilized CEBs which refer to the differences between adding a small
amount of cement, lime, or a separate binder to increase the structural capabilities and
effectiveness (Raj et al., 2023). In areas where materials are hard to come across, including South

Africa, or Benin, where I visited, a large amount of rural construction is completed with
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unstabilized CEBs. In these regions, there is the basic necessity of making single story house
walls from the unstabilized CEB, which is accompanied by a metal sheet from accessible roofing
solutions. This implementation is not as effective in the United States as much as a stabilized
CEB approach. In the States, there are more accessible solutions for improved thermal control
and structural stability in CEBs, and the construction currently in place represent this conclusion
(Raj et al., 2023). For the introduction of this material into an urban area, it is necessary to create

a standard that requires stabilized CEBs.

Production Capabilities of CEB

Production is a major factor in the overall cost or strength per CEB (Raj et al., 2023). Labor,
and the ability to create these earth blocks, can range in cost, but if focused initially with small-
scale family enterprising, could initiate an essential knowledge transfer overtime (Bredenoord &
Kulshreshtha, 2023). In this case, small-scale family enterprising would intend to teach families
the means to produce CEB blocks, and over time with continuing generations, allow for the
procedure to still remain utilized, if not become developed. In the production of an earth block,
some general parameters stay the same throughout the full procedure: selection, mixing,

molding, compaction, and curing (Kumar, 2022). The steps are explained in Figure 1.
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Figure 1

Steps to Producing a Compressed Earth Block

CEB PRODUCTION PROCEDURE

7 N\ / This can be based on location, butis N
major factor to the outcome of the
== ],) P'CK IHE So'l compressed earth block. Gradation, or soil
type, being clay, silt, sand, or gravel could
require an extra process.

Mixing requires written record from what
proportions of soil, water, fibers, and
2 .) M'XlNG stabilizer are consisted of within the CEB
R mix, which is then thoroughly combined for
an adequate mix distribution.
If the machine itself doesn’t have a pre-

determined mold (like most manual
pacti hines) then di i
—e 3.) MOlDlNG will have to be set and a mold constructed
to form the future CEB's.
Once in the mold, use either a manual
contraption or manufactured machine to
press the earth directly into the mold.
4 ) COMPACI'ON Depending on which, the compression and
s ° uniformity will range from block to block.

After the machine has compressed the
ixed earth, the block gets set out to dry,

— @.) DRYING/ CUR'NQ__ Qnr in 30 days, - for expedited

Note. Image created by author. Adapted from, “Fabrication and properties of compressed earth brick from
local Tunisian raw materials,” by R. Abid et al., 2021, Bulletin of the Spanish Society of Ceramics and

Glass, p. 1-11. (https://doi.org/10.1016/j.bsecv.2021.02.001) and “Building with Compressed Earth Block

within the Building Code,” by L. Holliday et al., 2016, Journal of Architectural Engineering, 22(3).

https://doi.org/10.1061/(asce)ae.1943-5568.0000198
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Mixing Techniques

Once the appropriate steps for estimating appropriate CEB mixes have been completed
for the ratios of water to soil to admixture, it is time to bring them all together and mix for
compaction production. Mixing can be done in a variety of different forms, but an experienced
on-site builder would consider using a mechanical on-yard mixer, where any soil, cement, lime,
fibers, and dry materials could be initially added, then water, until reaching the desired
consistency and moisture content (Keeler et. al., 2024). Figure 2 features the production line of
the compressed earth blocks noted in the Keeler et al. thesis, made at Fifth Wind Farm, with the
processes of: a) the initial steps of adding soil, lime, cement, and additional fibers to the mixer,
b) the following step of adding water to the dry mixture until the desired consistency and

moisture content has been reached.
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Figure 2

Mixing Processes Visual

Note. Adapted from “Mechanical Properties of On-Site Manufactured Stabilised Compressed Earth

Blocks: An Experimental Investigation and Proposed Models,” by E. Keeler et al., 2024, Australian

Journal of Civil Engineering, 1-23 (https://doi.org/10.1080/14488353.2024.2313293).

The soil properties themself are a key factor to consider in the mixing of a compressed
earth block (Thennarasan Latha et al., 2023). Before anything can become mixed, calculations
based on the degradation of soil, and soil types must be made. The final soil that is considered
for a CEB is usually composed of four main types: clay, silt, sand, and gravel (size increased as

noted) (Bredenoord, and Kulshreshtha, 2023). Figure 3 shows the composition possibilities.
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Figure 3

Composition of Soil for a CEB
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Note. Adapted from “Compressed Stabilized Earthen Blocks and Their Use in Low-Cost Social Housing,”
by J. Bredenoord, and Y. Kulshreshtha, 2023, Sustainability, 15(6), 1-21.

https://doi.org/10.3390/su15065295

Within the possibilities of mixing into a compressed earth block, multiple different
methods featuring different capabilities could be used based on the site location, water content,
or the financial state of the project (Keita & Perrot, 2024). For example, in underdeveloped
regions of the world, one could expect CEBs to be mixed in a large, hand-cranking barrel, and in
compliance with general parameters for compression (Better World Cameroon, 2016). In the
United States, or more developed locations, though, more experienced manufacturers can be
found, perfecting a specific ratio of soil degradation, stabilizers, and additional fillers, which can

improve the durability and overall quality of the CEB (Riza et al., 2010).
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Manual Production

In old block-making methods, a manual hand crank/lever is utilized for production (Raj et
al., 2023). Outside of the city, construction is limited to minimal capabilities due to
transportation, so rural and underdeveloped regions could be considered as an avenue for manual
production (Hafez et. al., 2023). With a manual hand crank, the compression depends on the
weight and leverage of the worker themselves, which could possibly affect the available
compressive strength the block could output or the homogeneous brick quality (Raj et al., 2023).
If the hand cranks were standardized, or reviewed for optimal pressure inputs, then the outgoing
blocks could be more reliable for their qualities. In addition to manual work, the soil itself is a
major factor. The number of additives, or stabilizers could easily vary with the possible
restraints, also resulting in an outcome of unequal CEB, which could be detrimental depending

on the construction itself.

Manufactured Production

Once the implementation grows over time in urban areas, though, it is more common to
see the use of manufacturing capabilities (Raj et al., 2023). In the city, it’s important to keep a
standard of compressive block that could be interacting with other buildings, and manufacturing
provides that, ensuring an equal pressure constant from block to block, equal mixing of additives
with a pre-coded CEB recipe, and any extraneous steps that would need to be added when
creating each block. Figure 4 shows (left) a Compressed Stabilized Earth Block Machine and
(right) the CEB products that came from it. Manufacturing is the most effective option for a
predetermined block of CEB, but in many cases, cannot get immediately utilized in the housing
industry until it has been invested in. Because of the low amount of construction with CEBs

occurring, manufacturing CEBs is not a major priority for larger suppliers, however, can become
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more feasible to adapt in rural areas with small-scale entrepreneurship (Bredenoord &
Kulshreshtha, 2023). Manufactured production, for maximum impact, should start small with

implementation to rural regions and work its way into greater production value.

For now, working with the two main methods of production, CEB manufacturing is
ultimately the best solution for consistent urban area construction, but realistically, manual
production might prove to be the only option for many locations, considering the initial cost
requirements for manufacturing. However, even for manual production, skilled laborers, trained
in CEB creation, will be necessary to move forward the technology, and that will cost money to
completely implement. Figure 4 shows an example of a CEB block making machine along with
the products made, highlighting the uniformity and efficiency that could be utilized in the

construction housing industry.
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Figure 4

CEB Block Making Machine and Products

Note. Adapted from “A Circular Economy in Waste Management Carrying Out Experimental Evaluation of
Compressed Stabilized Earth Block Using Municipal Solid Waste Incinerator Fly Ash,” by A. Thennarasan
Lathaa and B. Murugesan, 2022, Journal of Engineering Research.

https://doi.org/10.36909/jer.acmm.16319

Potential Uses of CEB

CEBs can be utilized for multiple purposes in different financial or social settings.
Implementation can span worldwide, from its current uses in Africa, Asia, and introductory uses
in North America, covering both developed regions of Asia, and underdeveloped regions in
Africa (Bredenoord & Kulshreshtha, 2023). Many regions can benefit from the introduction of
CEB into the general standard of normal building materials. In addition to its current uses, it is
important to cover potential future uses, such as the use of earth materials as building

components for inexpensive military defensive solutions (Rocha et al., 2024).
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Venues For Implementation: Underdeveloped Regions

For the implementation possibilities, one potential venue which serves as the main
motivation for this paper is the world’s underdeveloped regions. The author traveled from June
9 to June 17%, 2024, to Benin with the Hunger Project, an organization that supports a
worldwide initiative to end world hunger. The Republic of Benin is a former French colony in
West Africa, which achieved independence in 1960, eventually establishing their current country
name in 1975 (The World Factbook, 2024). Benin’s demographic profile can be described as a
tropical base climate, consisted of a 14.7-million-person population, split at 50.6% female to
49.4% male ratio, with 65% of citizens being under the age of 25 (The World Factbook, 2024).
The land use is split 31.3% being used agriculturally, 40% currently as forest, and the rest into
permanent crops, pastures, and arable land. Currently, Benin is dealing with inadequate supplies
of potable water, and overall ranks extremely low in the Multidimensional Poverty Index (United

Nations Development Programme, 2024).

During this time, the author had the chance to see the current use of compressed earth
block in the housing industry of Benin, both in the urban setting in Cotonou, and a rural setting
in Dassa-Zoume. In rural areas in Benin, unstabilized CEB construction is heavily utilized and
relied on for housing solutions for families. Unstabilized CEB offers less durability as a material,
but it provides a shelter during harsh rainy seasons, and it can be used with no additional
materials necessary. In Figure 5, an example of unstabilized CEB housing can be found, showing

the lack of durability it provides when compared to Figure 6.
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Figure 5

Benin Housing Example: Unstabilized CEB

Note. Photo by author showcasing an unstabilized compressed earth block household, located in

Bohicon, Benin, commonly seen during the author’s time in there.

Although unstabilized compressed earth block is commonly used, there are still
underdeveloped areas that had stabilized compressed earth block solutions, resulting in a higher
quality of housing. These solutions — resulting in greater strength, include the addition of cement,
lime, or other stabilizers that hold the block together more efficiently. In Figure 6, the large

difference can be physically seen, with mortar, and an even block distribution.
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Figure 6

Benin Housing Example: Stabilized CEB

Note. Photo by author showcasing a stabilized compressed earth block household, located in Za-Kopta,

Benin, commonly seen during the author’s time in there.

In other areas of Africa, a similar issue with the possibilities of housing solutions still
occurs. In Uganda, specifically, a large housing shortage stops a sizeable population from
obtaining housing, mainly due to the high cost of construction materials, cement being $8/50kg
bag to China’s $1/50kg bag, and the over-engineered buildings created in order to meet the U.K.

building code standards (Nuwagaba, 2020). With the implementation of standardized CEBs for
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worldwide housing solutions, more people can have access to the capabilities of building in a

cost-effective manner, allowing populations to find affordable housing.

Venues For Implementation: Developed Regions

When looking at more developed regions of the world, there is a different issue with
respect to the range of compressed earth block materials: competition. Unlike underdeveloped
regions, where there are few resources within accessible reach, many building material
alternatives exist in the developed world. These existing materials are already aligned with
building codes, the supply chain, and with consumer preferences. Prospective production and use
of CEBs in the developed world is hindered by these factors. For these reasons, use of CEBs in
the developed world is currently limited to very specific and unique applications. In the future, if
the basic economics were to change, CEBs might be more widely adopted in the developed

world.

In Mexico, a large positive impact has been made by the implementation of compressed
earth block into housing units, specifically from a social enterprise named “Echale” (mkt, 2021).
This organization focuses on the Sustainable Development goals and seeks to create affordable
housing solutions with the use of “EcoBlocks,” claiming to have made 250,000 housing units
within 28 Mexican states (Bredenoord & Kulshreshtha, 2023). EcoBlocks are similar to
compressed earth block stabilized with a 5 to 10% range of cement, lime, and sand using a
transportable hydraulic compression machine (mkt, 2021). Adobe mixtures and CEB mixtures
can be used interchangeably, since the two only differ in their production: molds to dry, Adobe,
and compaction, CEB, (Bailly et al., 2024). (Figure 7 shows an example of one of the
“Ecoblocks” along with an example of a community Echale has been able to impact with their

implementation.
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Figure 7

Echale Community Movement
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Note. Adapted from, Echale, 2021, https://echale.mx/. Photos from Echale showing (top) One Eco-Block;

(bottom) An Echale Community of housing units from Eco-Blocks.
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With respect to current CEB developments in the United States, an attempt to modernize
CEB production capabilities is occurring with Texas Tech University and EarthCo Building
Systems (Ertas et al., 2008). In this project, multiple staff, faculty, and students have come
together with EarthCo to develop a prototype for large scale CEB construction, creating large
‘mega-blocks’ up to 24 x 24 x 120 inches. These megablocks, if made consistently, can be
created more efficiently, at less cost/labor, with more strength than normal wood-frame

construction. To put this cost in perspective,

The designed production and placement capacity of approximately 110 tons per hour is
enough to complete both the exterior and interior wall system for a 6,000 ft> house in one
work day at an estimated cost of $3 per square foot to the builder. By contrast, framing
with Canadian lumber costs approximately $14.50 a square foot. For a 1200 square foot

house, the savings are $13,800. (Ertas et al., 2008).

For the future, the prototype for a compressed earth block extruder was developed with
the idea of forwarding large scale earth block construction (Ertas et al., 2008). This prototype,
shown in Figure 8, featured a controlled 24 by 24-inch chamber, with a maximum cut length of
shear up to 10ft long, a large difference to current CEB machines, usually producing blocks
around 4 inches thick (Williamson, 2007). Williamson’s invention presents an option for
optimizing multiple factors in substantial application: time, uniformity, and labor costs. With the
capabilities of considerably sized production, time can get immediately minimized, a large
section of wall could be created with little hassle. Additionally, the machine focuses on
producing a set uniformity, which can aid implementation by allowing specific values for wall
sizes to be set by the operator. Because of the larger sections of wall, part of Williamson’s design

features a machine-focused method for extraction, minimizing the amount of people required to
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operate for construction (Williamson, 2007). By utilizing similar types of machines as Figure 8§,
large earth block walls could be produced with ease for the expansion of the housing

construction industry.

Figure 8

Schematic of Compressed Earth Block Extruder Prototype
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Note. Adapted from, “Design and development of a large-scale compressed earth block building system
for developed countries,” by A. Ertas, W.D. Lawson, T. Maxwell, K. Park & D. Tate, 2008, Clean
Technology 2008: Bio Energy, Renewables, Green Building, Smart Grid, Storage, and Water. 1st ed., pp.
174-177; “Block-ramming machine,” L. D. Williamson, 2007, Patent No. US7,311,865 B2.

https://insight.rpxcorp.com/patent/US7311865B2

Future Implementation: Military

Another possible building application of compressed earth block could be military
housing or defensive structures. In general, the United States military goes worldwide on tours

for multiple reasons, and with the accessibility of creating compressed earth block, creating a
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shelter could be easier. Instead of having to transport cement across multiple countries by plane,
having accessibility to CEB solutions can create efficient building structures that can be
implemented immediately. In military applications, a wide variety have the capabilities to utilize
CEB, such as barricades, fortifications, and security walls (DwellEarth, 2020). As a benefit for
military use, CEB has adequate resistance with common explosive devices, making the material
affordable, accessible, and effective for a wide variety of uses to be implemented (Brighthub
Engineering, 2009). For basic construction of structures, all that is required is soil and a machine,
manual or manufactured, to compress earth together for use (Rocha et al., 2024). In military
structures though, air lime or other stabilizers could be added prior to formwork for a stronger

result (Rocha et al., 2024).

If the machine itself were flown out along with a small amount of cement stabilizer,
building shelters and other structures in a new country could be easier, especially for the military.
Currently, it is not known if this is a possibility being considered by the military to adapt for the
future in missions outside of the United States. With time and standardization though, the
adaptation could possibly be more widely accepted for additional uses other than housing or

defensive solutions.

Sustainability Profile for CEB

Commonly used building materials are not optimal from a sustainability perspective. The
engineering field requires more: concrete mixes present over 7% of annual anthropogenic
greenhouse gas emissions (Miller et al., 2021), wood argues the idea of deforestation if more
trees get harvested than can get replanted (Roos et al., 2023), and steel as a material requires
large amounts of energy to produce with heavy machinery (Fernandes et al., 2019). Compressed

earth block as a material provides another solution for sustainability options, with possibly little
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to no carbon footprint, as a soil-based alternative, and it can be produced by both hand
compression methods and by compression machinery. It is important to note the carbon footprint
for CEB can be tied to the amount of cement stabilizer added. While CEB will not match the

impact of a concrete block, the cement additives will increase CEB’s carbon footprint overall.

Due to accessibility, the material itself can be much more sustainably procured over its
major competitors, providing a greener option to construction materials (Bailly et al., 2024).
Compressed earth block offers a lower carbon footprint than other traditional building materials
as showcased in Figure 15 (Zhang et al., 2024), along with better thermal conductivity (Moussa
et al., 2019), which is its ability to resist heat flow (Connor, 2019). If the building standards for
compressed earth blocks were to be implemented in the United States, there could be a major
development of a more eco-friendly, cost-effective, and energy-efficient building material
solution. A main benefit that could be seen over time is a decrease in the carbon footprint
worldwide as the implementation for CEB’s arises (Arenas & Shafique, 2024). Cement
production alone creates a large carbon footprint (Zhang et al., 2024). Thus, the widespread use
of CEB as a building material could result in a benefit for the environment. Overall, the
accomplishment of this problem could result in a complete benefit adding to the industry’s

standards and moving forward towards better construction material alternatives.

Cost-Benefits of CEB

There are multiple layers to consider why the implementation of compressed earth block
serves to be important in the construction industry. For the largest reason, the push for a new
material with these components, mainly being soil, is readily available to multiple communities
worldwide. Accessibility is a major factor in what can get constructed, and in lower income, or

underdeveloped areas of the world, getting concrete mix, structural steel, or engineered timber is
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not within the realm of possibility with the budget. With a new material, engineering solutions

can expand to implement more sustainable and environmentally friendly low-cost alternatives.

Transportation, labor, and the material itself are major factors when it comes to deciding
on a final design to go with. If the cost can be put to an absolute minimum with the correct
material to go with, then more affordable construction costs could occur, allowing more people
accessibility to construction. The main goal overall for the benefit of cost is to optimize the
factors so that houses, apartments, and general assemblies can be produced at a cheaper rate than

the current level with the price of steel, concrete, or wood.

In the last major topic of this problem, a focus on the solutions of low-cost housing
options can be provided. These solutions provided here are based anecdotal evidence and
hypothesis made after reviewing the results from the collected literature. This topic is an
important area to highlight efficiently and requires further study in the form of a formal
engineering economic analysis. With soil being a relatively cheap material in comparison to its
competitors, just the material price is brought down substantially. Depending on the soil itself
due to its surrounding climate, the transportation cost could also be brought down, meaning the
only required pieces to transport would be possible stabilizers and thin material layers to add.
Low-cost housing solutions is an incredibly important topic to this problem because of the social
factors it requires a researcher to consider. Although this means researching a new material with
added environmental and general benefit to our US structural standards, it also means
researching an additional method of driving down the construction cost when it comes to housing
prices. If all factors can be optimized appropriately, then standards, environment, and cost can all

be considered in creating the best solution to the overall problem.
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Methods

This paper features a state-of-the-art literature review with the intention to derive a
standardized equation for the compressive strength of a compressed earth block (CEB) wall
accompanied by a formal research plan. The methods employed to gather the necessary literature
included a wide range of using specific search terms and statements in a variety of databases,

focused primarily on finding experimental results from past research projects.

Systematic Search Design

One of the primary methods performed to assemble a majority of the literature was the
implementation of using specific search terms and statements within the accessible range of
databases. These databases and sites comprised of the many Milwaukee School of Engineering
(MSOE) library resources, and outside sources such as ResearchGate, GoogleScholar, and

multiple free college thesis databases separate from the MSOE archives.

For the systematic search design, the method imposed on the research utilized a bank of
key terms associated to the fundamental points of this paper. These terms directed a focused
body of literature to populate for the most relevant research results, crucial to getting an effective
database complied. In Tables 1 and 2, the relevant search terms and statements utilized in the

methods for compilation are respectively laid out.
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Table 1

Search Terms Used in the Systematic Search Design for CEB

38

Sustainable Improvement Materials & Production Properties
Sustainability Compressed earth block Compressive strength
Green Construction Compressed earth block Walls Durability
Material Sustainability CEB Flexural strength
Carbon Footprint Earth Block Production Thermal Conductivity
Sustainable Construction Manual Compressive Construction

Note. Table created by author.

Table 2

Rammed earth

Stabilized Compressed Earth Block

Unstabilized Compressed Earth Block

Sustainable Construction Materials

Search Statements Used in the Systematic Search Design for CEB

Search Statements

(“compressed earth blocks*” or “rammed earth™) and “compressive strength” or ductility or mechanical

Compressed earth blocks and (sustainability* or sustainable construction® or sustainable construction materials*)

(“sustainable materials*” or “earth construction” or “green construction materials™) and (“compressive strength” or “mechanical properties™)

Note. Table created by author.

Implementation of Citation Search Design

In addition to systematically searching through databases with key terms and statements,

another utilized method of finding literature was using citation searching. Citation searching

references the method of utilizing a citation network surrounding source study and identifying
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the past studies cited by the original paper, as well as the studies that cite the original paper for
future works. For this section of the paper, citation searching was primarily applied using the
online platform, Research Rabbit, which is able to display forward and backward citation
searching in a visually effective, web-like format that showcases the interconnectedness of
different papers used in multiple citations (Research Rabbit, 2024). Employing this strategy

allows for the possibility of immediate similar literature and experimental data to arise.

CEB Literature Focus

With the wide range of topics available, from sustainability, production, thermal
properties, or material substitutes, a general focus was applied for a diverse portfolio of
literature. For the critical literature database being generated to analyze different experimental

results, five main categories were created:

1. Advantages & Barriers to CEB
2. Durability of CEB Experiments
3. Compressive Strength of CEB Experiments
4. Modulus of Elasticity of CEB Experiments

5. Thermal Properties of CEB Experiments

With these five bases, four topics (Topics 2 through 5) employed a focus on experimental
results and outcomes each researcher had, prioritizing those that investigate possible CEB wall
testing solutions. As for Topic 1, a large literature search was conducted to find as many possible

CEB qualities documented worldwide during its implementation.

Once all acquired literature and experimental results have been taken into account, an

investigation on the specific mathematical derivations can occur to reach a conclusion on the
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equation for a single block of CEB, with the goal of proposing an equation for a housing wall of

CEB.

Results and Discussion

Overall, compressed earth block currently stands as an extremely unique material with
multiple possibilities for the future. In the worldwide development, many different countries
have had the opportunity to slowly adapt standards and general practices for utilizing CEB
(Bredenoord & Kulshreshtha, 2023). The material itself is majority soil based, which can be
made into both a positive and negative argument for different perspectives. In this paper, the
results and discussion of the literature overview are presented as Facilitators/Advantages and

Barriers/Disadvantages sections, sub-divided into argumentative points to be made on both sides.

Advantages

As the main goal of this thesis paper, CEB is analyzed for its capability to join other
normalized construction materials. There are a multitude of reasons why compressed earth block
would be a beneficial addition to the current housing construction industry, from the cost-value,
compressive strength, thermal capabilities, or for its sustainable qualities that allow for a
reduction to future carbon emissions. In order to prove the advantages of compressed earth
block, this paper investigates into each of these topics to demonstrate its diverse realm of

possibilities.

Mechanical Properties: Compressive Strength

Compressive strength, the most significant mechanical property of a building material, is a
key metric for any masonry unit. It not only measures the unit's strength but also indicates its

density and porosity (Raj et al., 2023). The compressive strength of CEB units is determined
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according to various standard codes, depending on the study's location. For instance, Australia’s
Earth Building Handbook mandates a minimum dry compressive strength of 2.0 MPa (Walker
and Australia 2002), while the International Building Code stipulates a dry compressive strength
of 2.07 MPa (International Code Council 2006). These standards are crucial as they set out
principles of accepted good practice and recommended design guidelines for lightly loaded,
primarily single and two-story buildings constructed using unbaked earthen walls and floors,

similar to those used in this thesis (Walker and Standards Australia 2002).

Research conducted at Queen’s University (Mak et al. 2015; Keeler et al. 2024) showed
that CEBs manufactured on-site yielded compressive strengths are well above these minimum
values. Keeler et al. (2024) used a combination of 2.5 % lime and 2.5% cement to stabilize the
CEB:s. Figure 9 shows the compressive strength results for Keeler et al., which demonstrated
adequate results for different arrangements of block courses (single block, two-course blocks,

and four-course blocks).
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Figure 9

Compressive Strength of On-site Manufactured CEBs
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Journal of Civil Engineering, 1-23 (https://doi.org/10.1080/14488353.2024.2313293).

Cement and lime are the most widely used cementitious materials to stabilize CEBs.
Various other types of cementitious materials are being used as stabilizers (Zhang et al. 2024).
These binders significantly enhance the mechanical properties of compressed earth blocks.
Figure 10 presents experimental test data related to the compressive strength of CEBs modified

by various cementitious materials. It is evident from Figure 10 that the compressive strength of
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CEBs increases with an increase in the content of the binders. Noteworthy is the fact that cement
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exhibits a more pronounced impact on enhancing the strength of CEBs compared with other
binders, with lime’s modifying effect ranking second. However, this data also highlights the
urgent need for sustainable solutions. Relying solely on cement and lime is not a perfect solution
for future impacts, given that cement manufacturing mainly contributes to the world's total CO2
emissions (Zhang et al. 2024). This need for sustainability should provide motivation to explore
and develop alternative binders that can match or surpass cement's strength-enhancing properties

without environmental drawbacks.

Figure 10

Compressive Strength of CEBs stabilized with Different Cementitious Materials
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Note. Referenced from “Properties of Sustainable Earth Construction Materials: A State-of-the-Art
Review,” by Y. Zhang, S. Jiang, D. Quan, K. Fang, B. Wang, & Z. Ma, 2024. Sustainability, 16(2), p. 670

(https://doi.org/10.3390/su16020670).
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Thermal Properties

The thermal properties of building materials have a significant impact on the thermal
performance of buildings (Harris 2016). One of the most important thermal properties of a
material is the thermal conductivity (K-value). Thermal conductivity is a measure of the heat
flow through a sample of materials of a known thickness, when a known temperature difference
is applied across two surfaces. The result is expressed as watts per meter degree Kelvin (W/m°K)

(Harris, 2016).

Cuitino-Rosales et al. (2020) conducted a comparative analysis and review of the thermal
conductivity of different types of materials. The results in Figure 11 show that compressed earth
blocks have lower thermal conductivity values than other masonry materials except for aerated
concrete blocks. The latter has a higher carbon footprint, making compressed earth block the
masonry material of choice for thermal performance. This performance means that CEBs
transmit heat slower than other wall materials, leading to a higher level of thermal comfort,

lower need for cooling and heating, and lower energy consumption.
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Figure 11

Thermal Conductivity of Different Masonry Materials

25 1

Thermal Conductivity, K {(WW/m K)
o

05 1

Concrete Fired Clay Brick Compressed Earth Aerated Concrete
Block Blocks

Note. Reproduced from, “Comparative Analysis of Thermal Aspects and Mechanical Resistance of
Building Materials and Elements with Earth,” by Cuitino-Rosales et al., 2020. Revista de Arquitectura

(Bogota), Vol. 22, No. 1, p. 138-151 (https://doi.org/10.14718/RevArg.2020.2348).

Emu Systems (2021) was engaged by Colorado Earth to monitor the performance of
compressed earth block wall assemblies (CEB) as an alternative to conventional American
timber frame construction. Emu’s report investigated the performance of CEB walls in an
occupied building in Castle Rock, Colorado. It also investigated the behavior of the blocks as

exposed to different heat gains (i.e., direct and indirect passive solar gains, interior gains).

45
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Two types of sensors were selected for the monitoring of the Castle Rock project (as

shown in Figure 12:

e Sensors embedded in the CEB blocks are used to record variations in temperature inside
the block.
e Data loggers used to record conditions in the Great Room, as well as ambient conditions

outside the building.

Figure 13a shows the temperature variations occurring over typical summer conditions,
with significant temperature changes in the outside ambient. CEB walls helped delay and
attenuate the heat wave. Figure 13b shows the temperature variations recorded in winter (Indirect
Passive Solar Gains). The temperatures recorded in the Great Room show increases due to
passive solar gains coming into the space from the South-facing windows. These temperature
increases cause the interior side of the CEB walls to absorb heat from the interior air. The ability
of the CEB blocks to absorb heat from the inside of the room and to buffer temperature increases

over time.

Emu Systems’ (2021) report showed that CEB walls have high thermal resilience. This
was attributed to a combination of high thermal capacity via thermal mass and low heat losses
(low thermal conductivity). This translates into a building's ability to remain inhabitable in case

of long-lasting power outages.
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Figure 12:

Sensors Used for the Monitoring of the Castle Rock Project
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Note. Adapted from “Castle Rock Monitoring,” by Emu Systems for Colorado Earth, 2021, p. 1-34

(https://www.coloradoearth.com/wp-content/uploads/COE001-Report.pages_opt.pdf). The four parts of

the figure are assembled from EMU’s report and enhanced with more details.
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Figure 13:

Temperature Variations Recorded Over Summer and Winter of 2019
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the figure are assembled from EMU'’s report and enhanced with more details.

Environmental Effects

48

Looking at a single unit of compressed earth block, a major key component can be identified:

the soil. Looking at the current housing construction industry for building materials, the most
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common materials to come into popular use have been concrete, steel, masonry, or wood. Of the

list, there is a crucial factor that gets missed when considering the materials: sustainability.

Environmental effects within the world are becoming more important to consider for the
future (Llopiz-Guerra et al., 2024). For example, if the construction industry were to focus on
only wood-based buildings, eventually, the world will not be able to produce enough resources
for future generations of construction (Ertas et al., 2008). Soil, however, is nearly everywhere in
the world and underutilized in its possibilities, but, with more motion into its small market in the
American construction industry, can be put to work in housing solutions. With soil resources,
there is more of a possibility to return the used soil back into a system and recycle the materials
for new projects. In Figure 14, a representative cycle can be viewed, showing the lifecycle that

soil resources can circulate through.

This lifecycle created showcases the consideration of another resource, an LCA or life cycle
assessment. A life cycle assessment can provide essential information for future sustainable
decisions, and can cover energy usage, emissions, resource depletion, and the waste generated at
each phase of a life cycle (Rosic, 2024). With this, the impact on environmental effects can be
more easily captured and showcased. Likewise, as an outgrowth of an extensive LCA, an
Environmental Product Declaration (EPD) would also serve as a useful communication tool to
further industry acceptance and future implementation of CEBs. An EPD can communicate
standardized data from comprehensive LCA’s about specific products entering the industry and
can influence material selection from an environmental sustainability standpoint (U.S. General

Services Administration, 2022).
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Figure 14

The Sustainable Cycle of the Whole Lifecycle of Soil Resources

EXTRACT &
CLASSIF Y@ PREPARE
S0IL &

FORM
é\ ‘-.:‘-.
"l

o B, v \
%) 2 < S
2 & ) '\
= ‘:g w W RECYCLING .\} \1.(:_\ I‘RODL;(CT[UN 9] g h '\
MaH \_‘\__ 6" APPLICATION % O ﬁ
i N % 5 Q oSl [
M t 2 292 &
9 z 2o &y
[oe foc flm] 2] [¢p] 0] = =41 g &
5 < ® (o] ~ = 0 P A
B [®) CS a By r 4
3° 4 3 oy = 4
s (p) 55 &

4 oy 4

y U ‘.\o v & /

[NTLDING @g ' 4
SE z&}"
i BUILDING
DIEPOSAL EEMOLITIEN B MATERIAL
UPHEEP

Note. Image created by author. Reproduced from “Properties of Sustainable Earth Construction Materials:
A State-of-the-Art Review,” by Y. Zhang, S. Jiang, D. Quan, K. Fang, B. Wang, and Z. Ma, 2024.

Sustainability, 16(2), p. 1-29. (https://doi.org/10.3390/su16020670).

With this idealized cycle, soil could make an impressive material for its sustainability
factors. Environmental effects do not just rely on sustainability, though, but on its future impact
on the environment. One of the main ways to measure this environmental impact is through
carbon emissions to the world, a major global issue worldwide (Ma, 2024). There has been
research made to improve the current state of emissions and there is a possibility that the

implementation of CEB into the housing industry could be the answer. In Figure 15, Zhang et al.
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(2024) looked at the differences of carbon emissions (in KgCO»/Tome) between major building
construction materials utilized: concrete masonry blocks, ceramic blocks, and aerated concrete
blocks, then compared them to earth bricks. A conclusion can be made that earth bricks can hold
a considerable disparity depending utilized stabilizer, differing by about 50 KgCO»/Tome for
Earth Brick compared to the 150 KgCO»/Tome of Concrete Masonry Blocks of carbon

emissions. Based on the stabilizer utilized, lime, plaster, or portland cement, this value can range.

Figure 15

Carbon Emissions of Different Masonry Materials
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Note. Reproduced from “Properties of Sustainable Earth Construction Materials: A State-of-the-Art
Review,” by Y. Zhang, S. Jiang, D. Quan, K. Fang, B. Wang, and Z. Ma, 2024. Sustainability, 16(2), p. 1-

29. (https://doi.org/10.3390/su16020670).
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In addition to the findings by Zhang et al. (2024) on carbon emissions, there are similar

findings that can corroborate the same results. In another study, the following was stated:

A striking contrast between CSEB and conventional bricks is the energy consumed
during the production process and carbon emission. CSEB brick creates 22 kg CO2/tonne
compare to that of concrete blocks (143 kg CO2/tonne), common fired clay bricks (200
kg CO2/tonne) and aerated concrete blocks (280 — 375 kg CO2/tonne) during production

(Riza et al., 2010, p. 1-6).

Overall, compressed earth block can be seen as an impressive competitor in the building
construction industry due to its lack of future environmental impacts compared to other material
possibilities. As implementation occurs, then a possible effect that could happen is a slow drain

of carbon emissions onto the world, improving the current global state environmentally.

Social Benefits

There are multiple advantages associated with the implementation of compressed earth
blocks, but one of the main reasons is based on social benefits. Known around the globe, there is
a massive housing shortage, which is limiting more than 1 billion people from access to a roof
over their heads (Solf et al., 2024). With CEB implementation, cheaper housing units could
become available to more people worldwide. Considering that housing units will become more
accessible, a movement of construction into these units could be much more easily funded than
other solutions to lower the current cost of housing, or in other cases, attempting to get larger

wood framed houses funded for low-income families.

In general, multiple movements worldwide have benefited from the implementation of

CEB housing units for low-income families. One previously mentioned success case was Echale,
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an organization that was able to provide around 250,000 housing units for a multitude of
different communities (mkt, 2021). If this similar approach were to be followed in different
countries as a low-cost housing program, then much progress could take place for the comfort of
people worldwide. The movement behind all of the possibilities for implementing affordable
housing should present itself as a great social benefit to the current population, and act as an
enabler in furthering research so that more countries, people, and soil types can be evaluated in

the standardization for CEB’s implementation.

Cost-Benefits

In engineering, when it comes to putting together what materials will be included, cost is
a major factor that is considered. When looking from a project management perspective, the
three factors, denoted as the Golden Construction Triangle, that always must be balanced are
Cost, Quality, and Time (Jones, 2021). Realistically, only two of the three Golden Construction
Triangle points can be sufficiently met in a project, and unless the client does not care about

money, cost is going to be a requirement when it comes to the final building.

For material procurement, cost is driven by multiple factors, some dependent on which
material is being moved. For instance, some general reasons for cost come from a general supply
and demand of the area, so if there was a desire for a specific piece of structural steel, and the
only manufacturer is in a different country, the initial cost of transportation is usually enough to
drive away people. In addition, the use of specific sustainable materials can also increase
possible costs to construction, considering a mansion made of only timber would be incredibly
stressful and expensive to source if the client were based somewhere in the desert, like Nevada
(Strong, 2024). In housing construction these factors are major points for why housing solutions

have gotten so expensive and require clients to look back at what material should really be used
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for the best cost-effective solution. To put current pricing in perspective, Figure 16 shows the

differences of different building materials from prior and after the 2020 Pandemic.

Figure 16
Comparison of Building Materials Since Pandemic

Costs of Building Materials Have Surged Since the Pandemic
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(https://www.bls.gov/pPl/).

When looking at the cost for CEB, though, in multiple locations worldwide, earth itself
stands as a very low-cost construction solution compared to its concrete competitors (Adegun &
Adedeji, 2017). The general components into material collection are the material’s base price,
transportation to move the material on-site, and the labor required to create housing units from
that special material. When implemented, a major factor that oversees this is the location to site,

but with CEB’s possible addition to the US, prospective soil can be found in multiple areas of the
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country. With the current manufacturers, most originate in drier climates, from New Mexico,
Texas, and a special few from Colorado, but with additional influence on progressed
standardization, more manufacturers have the possibility of arising, allowing for the distance to
be decreased from supplier to site. In addition, with standardization, more labor workers have the
motivation to get trained in earth construction, making it not as niche of a field (Riza et al.,
2010). Finally, the base cost of soil does not present itself as a high-priced material since it is
technically accessible anywhere as long as the right equipment is there to reach maximum impact
for mechanical properties. With research, development, and standardization, different types of
soil have the possibility of being utilized if the right combinations and procedures are created for

optimal use, which allows anywhere in the USA to adapt CEB construction procedures.

Barriers/Disadvantages

In contrast to the advantages of compressed earth block, the disadvantage to its
implementation is an important factor to consider when deciding if CEB is feasible to add to the
housing construction industry. Worldwide, the barriers to soil construction differentiate with
different nearby soil quality, different stages of manufacturing, and different social expectations

to affect the current population.

For example, the barriers from implementation in Mexico, where Echale is already
providing multiple communities with housing opportunities, will be separate from the barriers
that could arise in a middle eastern location, like Egypt. As a reference, Table 3 shows a
summary of the three categories of barriers and the top three of each barrier category facing the
integration of CEB in the Egyptian market. One specific difference to be noted is the machinery
cost. A major economic barrier is the fact that Egypt has been unable to tap into the factory

production market, or even the market of adapting hydraulic presses (Hafez et al., 2023) while in
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Mexico, they utilize a constructed machine that is able to produce blocks on its own without

much manual labor required (mkt, 2021).

Table 3

Egyptian Barriers for the CEB Market

Social barriers Economic barriers Technical barriers
Priority 1 2 3
1 1.1 Client perception of the material being for 2.1 Machinery cost 3.1 Availability, maintenance and speed of
the poor production of the press machine
2 1.2 Poor aesthetics of CEB 2.2 Material cost 3.2 Proper material availability on site
3 1.3 Prejudice towards the durability of the 2.3 Transportation cost 3.3 Availability of skilled labourers

material

Note. Adapted from “Barriers and Enablers for Scaled-Up Adoption of Compressed Earth Blocks in

Egypt,” by H. Hafez et al., 2023. Building Research & Information, 51(7), p. 783-797.

(https://doi.org/10.1080/09613218.2023.2237133).

In this thesis paper, multiple important barriers to the implementation of CEB are
identified for an appropriate review. The four main barrier categories to identify cover the less
suitable durability to be adjusted, the current point of standardization to the USA now, the social
barriers that allow CEB to receive a general dislike, and the lack of funding available to further

this research.

Durability

The damage caused by humidity, wetting-drying cycles, and freeze-thaw cycles is related to
the permeability of the building material and its water absorption rate (Keeler 2020). This

property is of great importance in assessing the durability and performance of materials, as it
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directly impacts the material’s ability to absorb moisture. Materials with low absorption rates
undergo minimum damage caused by different extreme climatic conditions (Junior et al. 2024).
Typical water absorption rate values for compressed earth blocks, which range between 15 % and
20 %, are higher than those of other masonry materials (Abdullah et al. 2017). Figure 17 was
produced based on data gleaned from different references (Abdullah et al., 2021; Paula Junior et
al., 2024; Rizwan et al., 2021). Figure 17 shows typical water absorption rate values of CEBs

compared to other materials.
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Figure 17

Typical Water Absorption Rate Values for Different Building Materials
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Note. Adapted from, “Strength and Absorption Rate of Compressed Stabilized Earth Bricks (CSEBs) Due
to Different Mixture Ratios and Degree of Compaction,” by A. H. Abdullah, S. Nagapan, A. Antonyova, K.

Rasiah, R. Yunus, and S. Sohu, 2017. MATEC Web of Conferences, 103, p. 1-8

(https://doi.org/10.1051/matecconf/201710301028); “Improving the Mechanical, Thermal and Durability

Properties of Compressed Earth Blocks by Incorporating Industrial Waste and By-Products: A Systematic
Literature Review,” by A.C. Paula Junior, E. Teixeira, & R. Mateus, 2024. Construction and Building

Materials, 438, p. 1-23. (https://doi.org/10.1016/j.conbuildmat.2024.137063); “Use of Fine Recycled

Aggregate Derived From Block Plant Waste in Production of Concrete Masonry Blocks,” by H.S. Rizwan,
S. Sarhat, M.G. Gibran, B. Banting, and M.F. Green, 2021, p. 1-11. 14th Canadian Masonry Symposium,

Montreal, Canada.
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Wet strength is measured for blocks after they have been completely submerged in water
for 24 hours. Several researchers (Keeler et al. 2024; Walker 1997; Mak et al. 2015) have
observed that the reduction in compressive strength of CEBs while saturated ranged between
40% and 60%. Figure 18 shows the effect of water saturation on the compressive strength of

CEBs.

Keeler et al. (2024) attributed this decrease in strength in the saturated state to a reduction
in the internal friction of the CEB matrix. A combination of the pore water pressures, reduced
bond between stabilizers (cement/lime) and the rest of the soil, and liquefaction of un-stabilized
clay minerals work together to decrease the internal friction of the CEB matrix (Walker, 1997).
The test results show that it is crucial to protect CEB buildings from water penetration (e.g., by

plastering CEB walls and coating or laminating CEB floors).
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Figure 18

Effect of Saturation on CEBs Compressive Strength
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Compressed earth blocks, a material traditionally used in warmer climates, are now being
considered for use in cold climates. Despite limited research on their long-term performance in
cold climates, particularly in terms of freeze-thaw durability, a few pioneering researchers (Mak

et al. 2016; Guettala et al., 2002; Keeler, 2020) have begun to explore this promising potential.



IMPLEMENTATION OF COMPRESSED EARTH BLOCK 61

All three investigations revealed similar trends, with Keeler’s test results particularly
standing out. The absorption of water by the CEBs during freeze-thaw cycles led to significant
increases in compressive strengths, especially for CEBs with no or low quantities of natural
fibres, as shown in Figure 19. The influence of freeze-thaw cycles on visible CEB damage was
pronounced. Importantly, the degree of visible damage did not necessarily indicate lower

strengths, offering hope for the potential of CEBs in cold climates.

Figure 19

Compressive Strengths of CEBs Subjected to 0, 6, and 12 Freeze-Thaw Cycles
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Note. Adapted from “Mechanical Properties of On-Site Manufactured Stabilised Compressed Earth
Blocks: An Experimental Investigation and Proposed Models,” by Keeler et al., 2024, Australian Journal of

Civil Engineering, 1-23 (https://doi.org/10.1080/14488353.2024.2313293).
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Current CEB Standardizations

One of the barriers to the large-scale use of CEBs in construction is the lack of adequate
standards with detailed provisions to design structures and buildings made with CEBs. Most of
the standards focus on the manufacturing and testing of the CEB units. Less attention has been
paid to the structural design of CEB buildings since most of the current CEB standards disagree
on some of the fundamental design aspects. CEB standards differ on the test procedures to
determine the most important mechanical property, compressive strength. In the United States,
the current codes that allow earthen structures are limited. Two codes currently allowed with
some regulations are the California building code from 2010, and the New Mexico residential
building code of 2009 (California Building Standards Commission 2010; State of New Mexico
2009). In these two codes, they focus more on utilizing a rule-of-thumb on maximum heights and
spans, but nothing structurally designed for use (Holliday et al., 2019). Three are three different
unit arrangements to test that CEBs compressive strength: two half-blocks, single full block, and

two full blocks. Figure 20 shows these three different testing methods.
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Figure 20

Different Unit Arrangements to Determine the Compressive Strength of CEBs
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Note. Adapted from “Mechanical Properties of On-Site Manufactured Stabilised Compressed Earth
Blocks: An Experimental Investigation and Proposed Models,” by Keeler et al., 2024, Australian Journal of

Civil Engineering, p. 1-23 (https://doi.org/10.1080/14488353.2024.2313293); “Compressive Strength

Testing of Compressed Earth Blocks” by J. Morel et al., 2007. Construction and Building Materials 21, p.
303-309; “The Mechanical Characteristics of On-Site Manufactured Compressed Earth Blocks: The
Effects of Water Repellent and Other Additives,” by Mak et al., 2015. International Journal of Sustainable
Building Technology and Urban Development, 6(4), p. 201-210.

(https://doi.org/10.1080/2093761x.2015.1092001).

It is well known that the ratio of a masonry wall height to its thickness (h/t) is a crucial
factor influencing its compressive strength. The effect of h/t is reflected in various concrete
masonry codes through correction factors to convert the compressive strength calculated for units
or small assemblies (prisms) to the compressive strength of walls (with standard h/t). It is worth

mentioning that the current CEB standards do not have explicit provisions to convert the CEB
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unit’s compressive strength to the compressive strength of the CEB walls, which is a significant

concern.

Social & Environmental Effects

Although social effects are also included in the advantages, there is another side to the
same argument. Most of compressed earth block construction comes with a very positive point of
view as a supplement to low-cost housing solutions; however, there will always be people who
do not see the same perspective. For example, Table 3 references the social barriers for reasons
why the integration of CEB into the Egyptian market would generally be hard (Hafez et al.,
2023). In the first priority, a large part of the social effects is the idea that having a CEB based

house would be equated to being poor, or an “identifier” of class.

In addition to this “identifier,” some people might not be pleased with the overall house
aesthetic, or they may think that it is an unstable material to live within. Considering it is a new
material, those who question the background strength could possibly have a lack of knowledge
upon the material’s true qualities. Also, the aesthetics are simply a case-by-case basis, but unless
manufactured specifically for an aesthetic edge, not everyone will appeal to the look of

compressed earth made into walls.

Environmental effects can cause future issues if the implementation of earth block
becomes increasingly large scale. A current issue of over-harvesting is from the results of
sandmining, which have supplemented as aggregate in concrete, leaving many coastal
environments destroyed worldwide (Rangel-Buitrago et al., 2023). In this case, compressed earth
blocks could become a major competitor as a building construction material, which could allow

for over-extraction of the soil. One such issue to arise is the possible creation of large cavities in
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the ground due to lack of regulation on soil extraction, leading to an impact on the environment.
This issue would require the implementation of monitoring and introducing standards to combat
this overuse, such as the France extended producer responsibility tax (Hussain et al., 2023). This
tax can be prevented by producers of compressed earth block finding recovery solutions for the
soil extracted, which gives incentives into the continuance of the sustainable building material of
earth. With the possibility of overuse, another issue to arise is location-based extraction. With the
possible damage that can arise with soil extraction, protections on land use should be considered
when developing future regulations (Anderson & Moratto, n.d.). Parks, preservations, and other

protections must be considered, otherwise ecological damage stands as a legal barrier.

Funding Research

A final barrier that does hold back the implementation of compressed earth block is the
current lack of funding with research in construction. From a general perspective, most
experimental research requires a base amount of money to conduct testing for different qualities.
For CEB construction, many sources from research testing have come from outside of the US, as

a supplement to what future implementation could look like.

For specific research as the single equation investigation for the compressive strength in a
wall, much of that topic is initiated from the bottom of the funding chain, being graduate students
and professors, and goes up the chain by presentation. On the other side, the funding comes from
a top-down system and is allocated in a way to govern the future research found (Aagaard et al.,
2021). In the current space, private government agencies do not allocate enough to improve the
construction and implies that the expansion of funds is necessary. This presents itself as a major
barrier for the implementation of compressed earth blocks due to the large possibility that further

research could be halted by means of lack of funding.
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The Holistic Action Plan

In order to effectively forward the progression of this research, a plan of action must be
created: the Holistic Action Plan. The Holistic Action Plan will outline the additional research
requirements and focuses necessary to promote CEB from both perspectives, in order to forward

future research and progress in the construction housing industry.

The Holistic Action Plan outlining the actions necessary to promote CEB can be found in
Figure 21. The plan lists the five main components most important to forward the upscaling the
use of CEB in the construction housing industry. Following Figure 21, each of the components

are listed in greater detail so that all actions are understood. The pieces are as follows:

1. Develop Codes & Standards in the USA
2. Improvement of the CEB Image

3. Create an Education Framework for CEB
4. Enhance Researching Efforts

5. Improve the Physical CEB Properties

This action plan highlights the barriers that can be faced when trying to promote within
the construction industry, in this case being compressed earth blocks. The focus of the plan hopes
to address all these barriers and identify what can be done next with current status of CEB now.
It is important to note the components with Figure 21 do not have to be executed in the
numbered order but must be worked on simultaneously. To focus on only one step at a time
would restrict the possibilities of future implementation, which should not occur for the most

efficient timeline for implementation to occur.
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Figure 21

Holistic Action Plan
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From Figure 21, the Holistic Action Plan outlines the main topics to be covered in order
to effectively promote the use of compressed earth block. The first topic, developing codes and
standards, is important to enforce as a major component in this plan. Without any codes or
standards to base CEB construction on, the less likely people are to utilize it. In the United

States, the codes for allowable earthen construction are extremely limited and span with
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particular soil conditions to meet in California and New Mexico (Holliday et al., 2016). These
codes, while providing soil guidelines to follow, do not provide detailed information on the
determination of many structural properties. Without the information, many builders become
limited to working with a rule-of-thumb method and height limit, which does not provide
reassurance to structural engineers attempting to utilize the material. To forward CEB
implementation, a robust set of standards in the United States must be created, taking into
account different weather conditions, soil types, and structural properties to follow. Once created,
possible unification of codes onto other projects worldwide can start to occur, allowing CEB to

flourish as a stable material in the housing construction industry.

The next component to the action plan refers to the current image that CEB has made, the
social effects and barriers to earthen-based building materials. To create a positive image for
CEB, the idea of showcasing high quality pilot projects can be utilized. For example, Holliday et
al.’s (2016) features a Habitat for Humanity based project, focusing on creating effective wall
assemblies utilizing what possible code compliances there were. Additionally, this also means
gearing the audience to see the overall benefit CEB has in low-cost construction materials. The
positive social benefit is the idea that multiple communities will have access to housing solutions
worldwide. However, this could possibly allow a negative social barrier with associating the
material exclusively with lower-cost housing solutions. To combat this idea, and expand CEB to
all economic classes, improving the image by implementing CEB as an aesthetic, non-load
bearing solution, in addition to a low-cost housing solution, could provide the multipurpose

effects necessary to add to the overall image of CEB needed to progress further.
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Education presents as another component to address as part of the action plan. Because of
the current knowledge of CEB, there are not many opportunities that occur for a student to obtain

a deeper understanding. Faria et al. (2024) notes this specific occurrence.

However, looking into higher education programs across European countries reveals that
training in building with bio-composites is still not sufficiently developed; teachers and
students lack competence as well as knowledge and skills. Bio-composites are often
neglected in civil engineering, architecture and other construction-related programs.

(Faria et al., 2024)

The lack of higher education with CEB is a major barrier to overcome when considering the
Holistic Action Plan. The most effective way to overcome that barrier is implementing an
educational framework to be utilized by universities and other higher education platforms. Once
that knowledge is available, then the concepts, methods, and productions to CEB can be
implemented, allowing more access to understanding the impact CEB could have on the overall

environmental state or social state.

One of the components that is still in progress today is the capability to enhance research
efforts on CEB. Currently, some literature can come from master’s theses, doctoral dissertations,
or reports from past research efforts. Since funding for research mainly works in a top-down
system (Aagaard et al., 2021), finding students and professors willing to take on CEB and its
structural properties can bring value to the complete implementation of CEB into the housing
construction industry. Without people from the bottom of the funding chain initiating the
progression of CEB, there is no guarantee for its implementation to move forward. In these

studies, students and professors can work from any updated knowledge and contribute new
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information to the community of CEB, which can help with keeping CEB as a constant topic to

be investigated for the future.

For the final component of the Holistic Action Plan, improvements to the material
properties themselves can be made. For example, durability in CEB is a struggling barrier to face
with absorption (Keeler et al. 2024; Walker 1997; Mak et al. 2015), but with additional testing
and research, CEB has the opportunity to improve these properties. With reliable properties, CEB
has a greater chance to be utilized in the engineering world. One way to improve these
properties, outside of simply researching, is implementing the search for eco-friendly stabilizers.
Most stabilizers in CEB have a wide range in their substances, one of which could be concrete,
but with implementing an eco-friendly solution (animal or plant based), there is a possibility that
CEB could contribute an even larger impact to environmental effects or carbon emissions within

a block of CEB worldwide (Bredenoord & Kulshreshtha, 2023).

With these five components of the Holistic Action Plan, CEB could have a greater
possibility of future implementation. Each of these aspects, although not necessary to act
synchronously, will be important steps to ensuring CEB can generate an impactful and educated
addition to the housing construction industry for the implementation of low-cost and sustainable

housing solutions.



IMPLEMENTATION OF COMPRESSED EARTH BLOCK 71

Prediction of Compressive Strength of Stabilized Compressed Earth Block Walls

from the Unit Strength

In masonry structures, the compressive masonry strength, f”m, is noted as one of the most
significant characteristics that governs the structural performance of masonry structures.
Developed masonry design codes indicate that in order to determine the compressive strength of
brick and concrete masonry structural elements, two primary methods could be considered. The
first method would be testing assemblies of walls as prisms or wallets, then comparing that to
their height-to-thickness ratios, but would require more time and cost to execute, even with the
correct materials and equipment available. The second method, otherwise known as the unit
strength method, calls for the consideration of testing a high number of induvial unit block
samples and mortars. The compressive strength is then estimated using tabulated values on the
unit block strength and mortar strength collected in a database to develop an empirical equation
utilizing the compressive strength of a CEB unit, {’y, the compressive strength of mortar if
utilized, fmr, and the compressive strength of a CEB prism, {’m. The same concept towards the
importance of CEB can be used for compressed earth block, however the resources of developed

research in CEB walls are extremely limited in comparison to brick or concrete masonry.

During the data collection, it was found that most research and test experiments currently
focus their efforts towards the development of different testing methods to determine the
compressive strength of single CEB unit blocks. For prisms, experimentation research on
compressive strength of CEB masonry assemblies is considerably smaller than those on CEB
unit blocks. Overall, there is a large knowledge gap in the determination of CEB masonry
compressive strength based on the unit CEB strength. The compressive strength of walls and the

development of the most efficient assembly has only been tested in minimal pieces of literature,
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so the progression of CEB structural design standardization is not as developed as other
knowledge gaps of CEB. There is currently no robust model to predict the compressive strength
of CEB masonry walls. To generate an effective prediction model for compressive strength of
walls and other structural elements, multiple steps must be taken: a review of literature, an
identification of essential parameters influencing CEB compressive strength, and the creation of

a regression analysis database for evaluation.

Literature Review

A key element to the development of prediction models is associated with the collection
and analysis of a large number of literature pieces. This project features the use of an extensive
database in order to generate and assess an accurate model to predict the compressive strength of
CEB masonry walls from the unit strength. The database collected went into five different stages
of screening to lead to the most accurate regression model from the overall data collected. The

following databases assessed include:

1. Initial Data Compilation Database. This was started early in the research process, and
encompasses all literature considered for the full paper. Includes a wide range of
documented general parameters, test results from experimentation, and background
knowledge on Compressed Earth Block topics. In total, this database comprised of 133
literature pieces, reviewed for Advantages & Barriers, Compressive Strength Predictions,
Durability Concerns, Thermal Properties, and Modulus of Elasticity testing.

2. Refined Compressive Strength Database. This database was developed halfway through
the research process and was inclusive of data results showcasing only primary influential

factors crucial to the paper’s focus. Entries included both mortared CEB masonry (CEB
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units bonded with mortar) and mortarless (interlocking or regular CEB units dry stacked
without mortar) results.

3. Generalized Mortared CEB Regression Analysis Database. This database consisted of the
mortared CEB masonry results found in the Refined Compressive Strength Database. The
results made up a base copy for future databases containing the first run of the regression
analysis when all of the selected mortared data points from the Refined Compressive
Strength Database were chosen.

4. Refined Mortared CEB Masonry Regression Analysis Database. This database was a
refinement to the entries listed in the Generalized Mortared Regression Analysis. After
the first regression analysis was executed, this data set was created to remove extreme
outliers for a more accurate representation to base a predicted model from.

5. Refined Mortarless CEB Masonry Regression Analysis Database. This database consisted
of the mortarless-based results found in the Refined Compressive Strength Database. Due
to the number of mortarless (dry stacked and interlocking) experiments considered in the
Generalized Mortared Regression Analysis, additional refinements of data outliers were

not required.

These databases for regression require a wide range of test results completed by various
researchers looking specifically at the compressive strength of CEB in both singular units and
prisms. It is worth noting that due to a majority of results originating from individual
experiments, the prisms considered for the database collection differentiate by a wide range of
height to width (h/t) ratios, CEB unit strengths, and mortar strengths compressed. A critical

review of the literature showed that the compressive strength of a CEB unit, ’y, the compressive
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strength of mortar if utilized, fur, and the compressive strength of a CEB prism, f’ are the most
influential factors significant affecting the CEB masonry compressive strength. This description
defines the make-up of the Refined Compressive Strength Database, which was based on the

influential factors found in the Initial Data Compilation Database.

The foundation of the Refined Compressive Strength Database utilized research
experiments spanning a period from 2003 to 2025. This refined preliminary database considered
multiple conditions of CEB block and prisms: mortared, mortarless/stacked, and interlocking
CEB. In total, the database considered approximately 856 test points, originating from ninety-
two test samples at an average repetition of three to six tests per sample for both CEB prisms and
CEB individual units. From these tests points, the Generalized Mortared CEB Regression
Analysis Database was developed, eventually leading to the creation of the Refined Mortared
CEB Masonry Regression Analysis Database and Refined Mortarless CEB Masonry Regression

Analysis Database as outlined in the Regression Analysis sub-chapter.
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The influential factors for testing results within the Refined Mortared CEB Masonry

Regression Analysis Database and Refined Mortarless CEB Masonry Regression Analysis

Database are illustrated in Table 5 and Table 6, respectively. Additionally, both tables highlight

the extreme end ranges per influential factor found within the databases for the consideration of

the overall data sets.

Table 5

Ranges for Mechanical Properties and Experimental Conditions for tested Unit Blocks

and Prisms Covered by the Refined Mortared Database

Note. Table created by author.

Range of Data: Singular Block Range of Data: Prism
Parameter Min. Value | Max. Value Parameter Min. Value | Max. Value
Repetitions 3 6 Repetitions 3 6
Length 100 mm 305 mm Length 140 mm 350 mm
Height 23 mm 120 mm Height 210 mm 640 mm
Width 70 mm 240 mm Width 70 mm 240 mm
Unit Aspect 0.328 1.614 Aspect Ratio 1.858 5.429
Ratio (h/t) (h/t)
Test Aspect 0.328 1.614 fmr 0.6 MPa 35.5 MPa
Ratio (h/t) ’'m 0.42 MPa 4.73 MPa
b 1.4 MPa 12.19 MPa
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Table 6

77

Ranges for Mechanical Properties and Experimental Conditions for Singular Blocks and

Prisms Covered by the Refined Mortarless Database

Range of Data: Singular Block

Range of Data: Prism

Note. Table created by author.

Parameter Min. Value | Max. Value Parameter Min. Value | Max. Value
Repetitions 3 22 Repetitions 2 12
Length 240 mm 355 mm # Courses 2 4
Height 71 mm 110 mm Length 240 mm 355 mm
Width 125 mm 220 mm Height 160 mm 400 mm
Unit Aspect 0.439 0.8 Width 125 mm 220 mm
Ratio (h/t) Aspect Ratio 0.889 3.2
Test Aspect 0.439 0.8 (h/t)
Ratio (h/t) ’m 2.75 MPa 14.1 MPa
b 7.76 MPa 24.6 MPa

All papers utilized in the development of the Generalized Mortared Regression Analysis

Database assisted in the search for finding existing proposed models for the compressive strength

of CEB walls based on researched prisms and blocks. Overall, the papers compiled for the

Generalized Mortared Regression Analysis Database had led to a total of six proposed models

represented in Table 9. The existing models represented in Table 9 span from 1986 to 2015 and

showcase the collected prediction models for prism compressive strength and statistical

outcomes from using the Refined Mortared CEB Masonry Regression Analysis Database.

The Refined Compressive Strength Database served as a foundation to its three other

models, the Generalized Mortared CEB Regression Analysis Database, the Refined Mortared
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CEB Masonry Regression Analysis Database (after removing the extreme outliers), and the
Refined Mortarless CEB Masonry Regression Analysis Database. The regression analysis
yielded proposed models to predict the CEB compressive strength from strengths for its
individual components (unit block and mortar (if any)). These proposed models represent the
future structural design considerations to account for achieving an effective block. The proposed
models take into account many influential parameters. The affecting factors considered are
crucial to the concept of refining and creating this database and eventually, the development of a

working model through the database.

Factors Affecting f'm of CEB Masonry

The review of the collected database shows that various parameters, at both material and
experimental levels, affect the compressive behavior of CEB masonry prisms. Among these
factors, the height to thickness ratio, unit block strength, and mortar strength, are the most

influential factors.

The Effect of Height to Thickness Ratio (h/t)

It is well known that the ratio of a masonry wall height to its thickness (h/t) is a crucial
factor that influences its compressive strength. A comprehensive study by Sarhat (2016) has
demonstrated that the measured compressive strength of concrete block masonry decreases as h/t
increases, with the effect of becoming marginal above a certain height. Like the trend observed
by Sarhat (2016) in concrete masonry, Figure 21 shows that the compressive strengths of CEB

masonry prisms covered in the database decrease with the increase in the h/t ratio.
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Figure 22

Effect of Height to Thickness Ratio on CEBs Compressive Strength
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Note. Image produced by author.

The effect of h/t is reflected in various masonry codes through correction factors to

convert the compressive strength calculated using particular h/t prisms to a standard h/t. The

TMS 402 code considers an h/t of 2 as the standard for determining ' and applies a correction

factor varying from 0.75 for h/t = 1.3 to 1.22 for h/t = 5. Other codes (AS 3700 and BS 58562)

use an h/t of 5 as the standard based on the philosophy that taller prisms provide more

representative test strengths of in-situ masonry. Therefore, they apply a reduction factor to f'm,

79



IMPLEMENTATION OF COMPRESSED EARTH BLOCK 80

values established by tests on prisms where h/t is less than 5. Figure 24 and Table 8 show the

correction factors in these three masonry codes.

Figure 23

Aspect Ratio Considerations between Walls, Prisms, and Units by Standard
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Note. Image produced by author.
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Figure 24

Height to Thickness Ratio versus Correction Factor Relationships by Standard
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Heathcote and Jankulovski (Heathcote and Jankulovski 1992) proposed a nonlinear
relationship between the correction factor and the aspect ratio for soilcrete block prisms.

8.0
K, =10.1(8.9 + —

+)—1
A% —0.061

h
K, = Krefeld's Correction Factor; A, = p/tA
p
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Table 7

Aspect Ratio versus Correction Factor by Standard

82

Aspect Ratio Correction Factors
(h/t) ASTM C1314 AS 3700 BS 5628
1.3 0.75 - -
1.5 0.85 - -
2.0 1.0 0.775 0.8
2.5 1.04 0.8125 0.85
3 1.07 0.85 0.9
4 1.15 0.925 0.95
=25 1.22 1 1

Note. Table created by author.

It is worth mentioning that the current CEB standards do not have explicit provisions to

convert the CEB unit’s compressive strength to the compressive strength of the CEB walls,

which is a significant concern.

The Effect of Unit Block Strength

Figure 24 shows that the compressive strength of CEB masonry prisms covered by the

collected database increases with the increase in the compressive strength of the unit (fy). Figure

25 also presents the results of a series of CEB prisms tested by Sajanthan et al. 2018, in which

they observed increases in CEB masonry prisms by 25% and 165% due to increasing the CEB

unit block strength by 55% and 150%, respectively. It is apparent that within the range of CEB

block strengths of 2-12.5 MPa, the unit strength significantly affects the CEB prism compressive

strength. The high coefficient of correlation (R?) for the test results covered by the collected

database supports this observation.
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Figure 25

Compressive Unit versus Prism Strength in Database Comparing Sajanthan Model
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The Effect of Mortar Strength

It can be seen in Figure 26 that there is considerable scatter in the data when mortar
strength is plotted versus CEB masonry strength f'm. The general trend is that CEB masonry f'm
only increases marginally with the increase in mortar strength. The coefficient of correlation (R?)
for the linear trend is smaller than 1%. Figure 26 presents a series of CEB masonry prisms tested
by Sajanthan et al. 2018, in which the mortar strength varied between 1.9 MPa and 5 MPa

leading to 10% in CEB masonry compressive strength.

Figure 26

Mortar versus Compressive Prism Strength in Database Comparing Sajanthan Model
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Regression Analysis & Proposed Models

In order to effectively develop a robust regression analysis for compressed earth block, a
multitude of different conditions must be considered. The experimental investigations used to
gather databases followed different procedures and methodologies in producing the CEB blocks,
mortars, and prisms, and testing them. For instance, for different researchers, it is common they
reported the unit compressive strength of their tested CEB in terms of net or gross area, whereas
the database created expressed dimensions in terms of net area per unit. Per prisms, researchers
had a wide range of ways to test what the fir, or mortar compressive strength would be.
Overseeing some of the data, it was common to see mortars tested in equivalent cubes or
cylinders, but overall, were not uniform throughout all of the research collected in the Refined

Compressive Strength Database or Initial Data Compilation Database.

Following the data analysis, a couple of details can be noted. For the most part, the
experimental results from the test data did not indicate or include variation values, such as
standard deviations or coefficient of variations, for one or more of a test unit, mortar block, and
prism strength. Due to this, the development of the proposed formula for compressive strength
was based on an experimental average of the test results coming from prisms and the average
strengths of the individual units and mortars. The proposed formula was developed using the
application of a regression analysis. The dependent variable for analysis was {’m, the
compressive strength of masonry prisms, which were adjusted (corrected) for the h/t aspect ratio.
The correction of the reported compressive strength of CEB prisms for (h/t) ratios were done
according to the considered masonry standards (ASTM C1314, BS5628, AS 3700) along with

Heathcote and Jankulovski 1992.
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The possible independent variables for analysis were f’y, the unit block strength, and fir,
the mortar strength for a cube. With these variables, multiple equations were developed in the

format of:

fm = )X ™ ™ [EQN-1]

When it came to executing the regression analysis, the primary function that was utilized
was Excel’s “Solver” function with the solving method of “GRG Nonlinear” due to the proposed
equation format. Data from the Generalized Mortared Regression Analysis results were lined up
and assessed against four primary standards: ASTM-C1314 (American), AS-3700 (Australian),
BS-5628 (British), and Heathcote & Jankulovski. Each of these standards held a normalized and
corrected f’m equation based on the adjustment of their respective correction factors, the h/t

aspect ratio, as seen in Figure 27 and written out in Table 8.

Once all test results for the corrected ' of the Generalized Mortared Regression
Analysis had been adjusted by each standard’s correction factor, the predicted model can be
developed based on EQN-1. Each individual factor, k, for the coefficient of the equation, n, the
exponent coefficient of f’, and m, the exponent coefficient of fur, stood as the three parameters
to adjust per Solver’s NGN Nonlinear Solving Method to output. The predicted equations were
made for this database’s entire experimental test point. This predicted equation was then

subtracted against the corrected f’m results as represented in EQN-2.

Difference = (Predicted f'  — Corrected Experimental f' ) [EQN-2]

Finally, the results from EQN-2 were squared as shown in EQN-3, and the summation of

EQN-3’s results across the database was captured in a separate cell. This summation cell served
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as the “Set Objective Cell” in the Solver function, and this procedure was repeated per each of

the four primary standards.
SummationValue 1,2,3, ... = (Dif ference)? [EQN-3]

Similarly, this process was replicated for the development of the Refined Mortarless CEB
Masonry Regression Analysis database. The main differences between this and the Generalized

Mortared CEB Regression Analysis are based on two factors:

1. Unlike the Generalized Mortared CEB Regression Analysis, the Refined Mortarless
CEB Masonry Regression Analysis database stops after one regression analysis with
the Solver function. The amount of data within the Mortarless Analysis is much lower
compared to the Mortared Analysis and therefore does not require any outlier
removal.

2. The Refined Mortarless CEB Masonry Regression Analysis only considers two

standards for its test data to develop models from: ASTM and AS-3700.

The following step in completing the regression analysis is the conversion from the
Generalized Mortared CEB Regression Analysis Database to the Refined Mortared CEB
Masonry Regression Analysis Database. The procedure completed here is the refinement of
outlier data within the analysis. After the first regression analysis was completed, each of the
results per standard was evaluated and characterized into a graph, with the x-axis as the
experimental f’i,, and the y-axis as the predicted f’m based on the results of EQN-1’s format.
Outliers from this visual were identified, and the ten specific data points that impacted the
majority of data’s slope were eliminated. The regression analysis was updated to account for the

change. To choose the specific outliers, the methodology behind each researcher’s experimental
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testing was evaluated. For one paper, Reddy and Gupta [18] from Table 4, their test results were
soaked in water for 24 hours, however, in results, only a saturated prism is reported. The validity
of the results came into question, and the points were eventually taken out of the regression

analysis. The final equation models from these regression analyses can be seen in Table 8.

Based on the final equation models in Table 8, multiple conclusions can be drawn.

Included with the models are four different parameters recorded:

1. Average Corrected (f’m)/Predicted (f’m)
2. Standard Deviation
3. Coefficient of Variation (COV)

4. Coefficient of Correlation (R?)

Table 8

Proposed Prediction Models for CEB Masonry Compressive Strength from the Unit

Strength
h/t Average Coefficient
Corrected Mortared/ Model Corr/Pre ;:e?/?:t?(;i of Variation R?
Method Mortarless d (fm) (COV), %
ASTM C1314 | Mortared | f' = 0.42f,%%° f,.,"° 1.0256 | 0.2846 27.8 0.70
ASTM C1314 | Mortarless | f', = 0.66 f,°7° 0.9992 | 0.2981 29.8 0.50
AS-3700 Mortared | f' = 0.34f,%8% f, 005 1.0248 0.2856 27.9 0.68
AS-3700 | Mortarless | f',. = 0.36 f,*%° 0.999 0.2828 28.3 0.60
r 0.83 0.05
Heathcote & | ) tared | f'm = 0:361f,°" fur 1.0235 | 0.2931 28.6 0.66
Jankulovski
BS-5628 Mortared | f'. =0.355 f,%% f,,,.%% | 1.0236 0.2899 28.3 0.67

Note. Table created by author.
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These four parameters give clarity on the accuracy of each of the corrected regression
models developed by standard used. The Average Corrected (f*m)/Predicted (f’m) value
showcases the ratio from the values corrected experimental versus the predicted CEB prism
strength (f’m). Experimental test CEB prism strengths (f’m) were tested with each standard’s
correction factor methodology, then calculated against the predicted CEB prism strength found
by the equation model after regression analysis was executed. In this analysis, an average value
of 1 should result in the data set being relatively similar between the corrected values found
using the standard’s methodology to a correction factor with experimental data and the predicted
values found from the regression analysis outputs. Standard deviation refers to the deviancy (+/-)
of the data set from the average value found previously. The Coefficient of Variation (COV) is
the measure of how much the data set’s values differentiate. To solve for the COV, take the

standard deviation over the average, as shown in [EQN-4]:

.. . dard Deviati
Coefficient of Variation (COV) = e Csot:r"E:; (ﬁf:)l/a;:;z.(f'm) x100% [EQN-4]

For the COV, this parameter would indicate that the higher of value would result in an equally
large variation in data. The closer COV is to 0% would represent a dataset without any
differences. Finally, the last parameter evaluated in the regression analysis was the Cofficient of
Correlation (R?), which shows how aligned the data is against the equation of x=y. The higher
value in R? would result in a stronger association between all of the data within the set. For the
Regression Analysis, these four parameters assist in the determination of the most accurate

model to the data set collected from the literature review.

These four analytical parameters from Table 8 are displayed within the developed models

in Figure 27 and Figure 28 for Mortared and Mortarless, respectively. These models illustrate the
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parameters found from the regression analysis methodology. On the x-axis is the Experimental
f’m from gathered test research, and on the y-axis is the Predicted . found by the regression

analysis equation.

Figure 27

Experimental fm vs. Predicted f'm Proposed Models for Mortared CEB Masonry
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After reviewing Table 8 and Figure 27 for Mortared Compressive Strength, a proposed

model can be chosen from the four options of ASTM C1314, AS 3700, BS 5628, and the
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Heathcote & Jankulovski model. The best model is when the mortared masonry prisms are
corrected using the ASTM C1314 correction factors, resulting with an Average Corr/Pred (f'm) =

1.0256, Standard Deviation = 0.2846, COV = 27.8%, and R? = (.70 for the following EQN-5:
f'm = 0.42f,% £, 00 [EQN-5]

Looking at the four analytical parameters against the four model methods, the ASTM model had
the most accurate results. The model was the best fit for three of the four parameters: Standard
Deviation, COV, and R?. For the one parameter that wasn’t the most accurate, Average Corr/Pred
(f’m), the difference between the ASTM model and the best model for this parameter came out to
0.0012, which in comparison to the other factors, wouldn’t create enough of a means to choose
this model over ASTM C1314. This proposed model was developed for a range of CEB unit

strengths, from 1.4-12.19 MPa and mortar strengths, from 0.6-35.5 MPa found in Table 8.

The same evaluation can be made for the Mortarless Compressive Strength model after
reviewing Table 8 and Figure 28. Since only two models were observed, between ASTM C1314
and AS 3700, the best model is when the mortarless masonry prisms are corrected using the AS
3700 correction factors, resulting with an Average Corr/Pred (f’m) = 0.999, Standard Deviation =

0.2828, COV = 28.3%, and R? = 0.60 for the following EQN-6:
f'm=0.36 f,° [EQN-6]

The model similarly was the best fit for the same three parameters as mortared, with the
remaining parameter, Average Corr/Pred (f’m), having a difference between AS 3700 and ASTM
C1314 of 0.0002, which would not create enough of a means to choose this model over AS 3700.

This chosen model was developed for a range of mortarless CEB unit strengths found in Table 8.
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With the mortared and mortarless proposed models selected, the next step of the
evaluation is to assess the proposed mortared model against existing models proposed by other
researchers for clay brick masonry, which is the nearest material to CEB. From the literature
review, six existing models for clay brick were found from a range of papers dating throughout
1986-2015. From this list of models from Table 9, two stand out as possible good comparisons
based on their R? values: Bennettet et al., 1997, with an R? of 0.71, and Gumaste & Reddy, 2007,
with an R? value of 0.69, both close to the proposed ASTM C1314 mortared model’s value of R?

=0.70.

Table 28

Experimental f'm vs. Predicted ’'m Mortarless Regression Analysis Models by Standard
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Note. Image produced by author.

To make a good comparison of the three models, one proposed and two existing, an
evaluation of the four analytical parameters along with identifying the details from the graphed
data sets in Figure 29 should be considered. From the parameters listed between Table 8 and

Table 9, our ASTM proposed model from EQN-5 is most efficient for three out of the four
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parameters: Average Exp./Pred. (f’m), Standard Deviation, and COV. This is because in Average
Exp./Pred. (f’m), the ASTM model features a value of 1.0256, whereas the two existing models
hold a value around 1.13. When this value is closest to 1, the data is the most accurate along the
X axis=y axis slope line. Since both of the existing models differ by approximately 0.13, whereas
our proposed is only by about 0.02, it is clear that the ASTM C1314 mortared proposed model is
the best for accurately predicting compressive strength based on the Average Exp./Pred. (f"m)
parameter. In the case of Standard Deviation, the ASTM model denotes approximately 0.2846,
where similarly for the existing models, both are higher in the 0.32 range. Since standard
deviation would refer to the spread of data deviated from the average value, this parameter would
defend our proposed model as a better representation of predictive capability, as a smaller
standard deviation would mean less of a data spread shown in the final graphs. For the COV, the
ASTM proposed model is supported by this parameter due to its place as the smallest percentage
value amongst the three by an average of the two existing of 1%. When COV increases, this is
represented in the dataset by recognizing test data’s ability to variate through the results found.
These three parameters show our ASTM proposed model as the best fit from the comparison.
The last parameter, R?, has little difference across the three models. Our proposed model differs
by +£0.01 for the other two parameters, Bennettet et al., 1997 being slightly more accurate.
However, only one parameter, in a difference as close, is not enough to consider the other model
as a better option. The four parameters work in conjunction with each other, and as such should

be evaluated as a group when determining the best representation for the compressive strength.

Additionally, to the parameters, the equation structure should also be analyzed. Although
Bennettet et al., 1997 had slightly improved R?, there is a major roadblock in using the model

itself. This model is used for the compressive strength of mortared CEB construction but looking
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at the equation model in Table 9, fi: is not considered as a variable to use. This idea assumes
mortar strength plays no direct part in solving for mortared construction, never dependent on
how strong or weak any mortar is. Another detail to note in Bennettet et al., 1997 is the idea that
the model itself can be represented linearly. After the amount of test data collected to make the
full database for regression analysis, there was too wide of a range of values to simply only
consider linear analysis. The prediction model chosen should show a nonlinear, exponential
factor in order to accurately predict the compressive strength of CEB prisms with the use of the

unit and mortar strengths which are used in our proposed model.

Table 9
Predictive Abilities for Existing models for Mortared CEB Masonry
Table of Results: Predicted Mortared Models
Reference Prediction Model Average Standard | Coefficient | R
Exp./Pred. | Deviation | of Variation
(fm) (Cov)
Bennettet et ffm=0.3f, 1.1325 0.3279 28.9% 0.71
al., 1997
Dayaratnam, e =0.275 f,°° four"?® 1.625 0.6943 42.7% 0.22
1987
Kaushik et =063 " Far = 0.8761 0.2998 34.2% 0.37
al., 2007
Gumaste & f'm=0.317 f,°8¢ f,..013% | 1.1358 0.3253 28.7% 0.69
Reddy, 2007
Hendry & f'm = 0.317 f,%531 £,,,0208 | 1.8472 0.5615 30.4% 0.53
Malek, 1986
Costigan ' =0.56 3253 fnr2® 0.7577 0.323 42.6% 0.23
Lime, 2015

Note. Table created by author.



IMPLEMENTATION OF COMPRESSED EARTH BLOCK 95

Finally, after seeing the accuracy of test data for existing models from Figure 27 and
comparing them to the proposed model in Figure 29 our ASTM C1314 is the best model to

accurately predict the compressive strength for walls and prisms based on the experimental data.
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Figure 29

Corrected Experimental f'm, vs. Predicted f'm by Existing Models for Mortared CEB
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Concluding Remarks and Recommendations

Overall, the use of compressed earth block in future building construction materials could
potentially be an effective solution to low-cost and sustainable housing solutions. Its primarily
natural soil can be utilized for a sustainable cycle of material use and causes a significant
reduction of carbon emissions that are important to consider for future implementation to
continue. Stabilizers are needed to significantly enhance the strengths of CEB, allowing for the
development of CEB structures (walls, beams, and pilasters) to be designed and fabricated for
communities with comparable strength to their competitors. In addition, the base price, and
possible move towards decreased material costs, could forward a movement of less expensive
housing construction. As a whole though, CEB still comes with its barriers to the possibility of
implementation towards the creation of standards, and although will cause for a beneficial impact

to the community, the motion might take necessary time to completely develop.

From the results, many conclusions about the different disadvantages can be made.

Particularly about the barriers, the points introduced were:

Durability

Current CEB Standardizations

Social & Environmental Effects

Funding Research

For these disadvantages, although they do show the negatives to CEB, there are viable solutions

to address.

Looking at durability, the property can initially present as a barrier. CEB’s base material

is soil, and on its own, can struggle against multiple mechanical states, like humidity, wetting-



IMPLEMENTATION OF COMPRESSED EARTH BLOCK 98

drying cycles, and freeze-thaw cycles. Simply, the material can become weak to many natural
elements when trying to implement in a new environment. However, within these barriers,
research can improve the capabilities of durability. From Figure 17, Figure 18, and Figure 19,
multiple tests have been performed on the impact of natural elements to compressive strength,
showing that CEB has a much higher absorption rate to competitors, so it’s susceptible to
significant loss of its compressive strength when emersed in water. When fibers, or more mixed
elements occur within the CEB, a stronger response occurs. Taking this outcome from Figure 18,
if research and testing were focused on finding an optimal fiber or stabilizer content, the

durability and compressive strength could be improved.

In the current CEB standardizations, not much work has been done in terms of the United
States. There are currently very few adopted building codes which allow earthen structures, from
California and New Mexico, with certain criteria necessary to meet on soil properties, but a rule
of thumb implemented for the structural properties (Holliday et al., 2016). Using these allowed
standards, research can develop what is currently available to create a strict code including
structural properties. This code, when standardized in the United States, can assist other
countries in the increased structural development of additional codes worldwide to be

standardized.

When looking at social effects of CEB, a priority addressed in Table 3 from Hafez et al.
(2023) is the economic association that CEB houses are made for “poor” people. Additionally,
with CEB, it faces social criticism with unreliability. Some locations worldwide lack many
implementations of CEB options, so with few examples to reference, some people have concern.
The way to combat this social barrier is to begin implementation in multiple levels of economic

class. CEB is used in many products outside of low-cost housing units as an aesthetic facade
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solution. If the focus were to appeal aesthetically, CEB could be implemented into non-load
bearing walls, facade work, and other less structurally complex solutions for a wide range of
products. As more people of different classes were to utilize the material for different
construction purposes, there could be less of a social barrier constructing the fear of isolating
class by having a CEB house. Once more implemented, people could see the different
construction fixtures CEB impacts, which could allow for more trust in the material to develop,

especially after more research on a developed code could be standardized.

Environmentally, CEB could face the possible impact of overproduction if the material
were to become too popular, allowing for longstanding issues to arise. With the lack of standards
in place for soil extraction, large cavities have the potential to appear. To prevent these issues,
regulations should be implemented towards the amount of soil allowed to be collected for
construction purposes. Additionally, regarding the amount of soil, location-based regulations
should be focused on protecting parks, preservations, and other possible sources of construction
ready earth that require security. Instead of increased extraction, recovery and recycling
measures should be looked into. Once added, these regulations can help add to a constant cycle

of creating compressed earth block under sustainable conditions for future generations to come.

Finally with funding research, the barrier addressed is the idea that funding comes from a
trickle-down system, hitting larger businesses and government agencies, who are able to invest
the money into specific research efforts. Currently, government funding has not been focused on
many future construction materials, CEB primarily, even though CEB could provide an impact to
the housing construction industry. The major way of combatting this barrier is thinking of the
system as a whole: funding trickles down for specific projects to students and professors to take

on. If students and professors gain an interest on their own, then the implementation of CEB
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could have more possibilities of flipping the “trickle-down” system. With more university

interest in the topic, there could be a shorter wait to see the future of CEB implementation.

Overall, the barriers that hold back the standardization of CEB have a possible solution
which could adjust the disadvantages in future research and attempts to implement into the
housing construction industry. CEB has the chance to impact multiple locations worldwide and
hold various benefits in cost, social effects, environmental effects, thermal properties, and
compressive strength. With more research invested into the material, CEB has the opportunity to
provide a sustainable, renewable, low-cost housing solution to communities anywhere in the

world.

Despite these barriers, multiple advantages can provide an acceptable means for

implementation. The specific facilitators mentioned overview:

Mechanical Properties
e Thermal Properties

e Environmental Effects
e Social Benefits

e Cost Benefits

These points encompass multiple reasons for the overall benefit to adding CEB into the rotation
for building construction materials and can lead to future development to the construction

housing industry.

For the properties of CEB specifically, compressed earth block features many gains when
it comes to both compressive strength and thermal conductivity. When compared mechanically to

other materials, tested CEB is able to surpass the minimum requirements on Australia’s standards
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(Keeler, 2024; Mak, 2015). Additionally, CEB has suitable properties in thermal conductivity,
and during testing, was able to reach relatively low values compared to its concrete competitor
(Cuitino-Rosales et al., 2020). This means that in housing solutions, the thermal conditions are

more likely to not become as affected by the outdoor conditions.

Looking at the effects and general benefits that come from the utilization of CEB, three
main categories can arise: environment, social, and cost. Environmentally, CEB shows many
positive features, including a lower carbon footprint and sustainability. When comparing the
carbon footprint to competitors of block production, CEB comes out at some of the lowest values
of KgCO2/Tomme, meaning less carbon would get put into the air with the implementation of
more CEB (Zhang et al., 2024). With sustainability, earth blocks can be utilized in a renewable
manner much more easily than other materials, allowing for a constant cycle of building, living,
then breaking down to take place (Zhang et al., 2024). Financially, CEB can be a low-cost
material to multiple communities worldwide. Its base costs come from material expenses, which
can be low compared to competitors, transportation, which are lowered due to CEB’s ability to
be sourced from different soil conditions, and labor, which can require initial training, but will
become easier to source once implementation begins to occur (Adegun & Adedeji, 2017).
Socially, CEB provides incredible benefits to its use due to the impact it is able to generate. With
CEB, more people have accessible means to a housing solution, one example being Echale, with

their movement creating 250,000 housing units (mkt, 2021).

With the current industry state of compressed earth block, a holistic action plan was
designed, highlighting five main categories contributing to upscaling of CEB housing. These

topics, highlighted in Figure 21, are as follows:

e Develop Codes & Standards in the USA
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e Improvement of the CEB Image
e Create an Education Framework for CEB
e Enhance Researching Efforts

e Improve the Physical CEB Properties

Each of the components listed focuses on a current potential barrier when it comes to the
implementation of CEB housing construction. The primary goal of this plan hopes to promote
the progression of CEB by fulfilling each of these components, which will be important towards
showcasing the possibilities of CEB as a impactful addition to housing construction industry for

the implementation of low-cost and sustainable housing solutions.

Putting the application into use, a design methodology was developed to evaluate the
prediction of compressed earth block walls based on the individual unit. This methodology

comprised of a multi-step process:

1. Collection for Database

2. Literature Review

3. Regression Analysis and Database Refinement
4. Proposing Model Development

5. Comparison of Proposed Model vs. Existing Models

To create an effective model, the first step is to collect a wide range of literature. For this
database, data collection was focused on selecting literature looking at the compressive strength
of CEB in both blocks and prisms. Additionally, the database evaluated more specific factors to
consider per experiment, being the number of repetitions, dimensions (LxHxW), compressed

earth block type (Single Full Block, Half Block, and a Two Half Block Stack), the aspect ratio
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(h/t) and the mortar details if included. With the collection of all the data, an additional literature
review can be conducted. In the literature review, the research experiments are evaluated for their
results, and organized in a separate excel sheet. The main focus for the literature review of the
regression analysis is separate from the paper background. While the primary critical literature
review looks at advantages and limitations with the use of CEB implementation, the regression
analysis literature review focuses on identifying the most influential factors for CEB prism
strength. Multiple factors, being the unit block strength, the mortar block strength, and the height
to thickness ratio (aspect ratio) served as the most influential factors, all of which directly

impacted the proposed model.

The evaluation of the factors from the literature review allows for the organization of a
regression analysis database. For the research in the prediction model for compressed CEB walls
from CEB units, five databases were developed for specific cases to analyze. To develop the
regression analysis model for mortared compressed earth block, the Initial Data Compilation
Database was refined into the Refined Compressive Strength Database by identifying specifical
experimental literature containing influential factors f’m, f’p, and fur. All of the experimental f’r,
values were corrected against multiple standards, using the aspect ratio to result in proposed
models. The mortared and mortarless were then split into the Generalized Mortared Regression
Analysis and Refined Mortared CEB Masonry Regression Analysis Database and went through a
singular run of the solver equation for the analysis of the coefficients and exponents for f’ and
fmr in EQN-5. Finally, the data points of the Generalized Mortared CEB Regression Analysis
Database were reviewed and refined for questionable outliers to create a more accurate
representation of the overall prediction model. This refined model represented the Refined

Mortared CEB Masonry Regression Analysis Database, which allowed for developing four
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prediction models to estimate compressive strength values of prisms covered in the database,
model per each considered standard (ASTM C1314, AS 3700, and BS 5628) along with

Heathcote and Jankulovski 1992.

In each standard, the corrected f’m was evaluated against the predicted f’m from the
solver analysis, generating the four analytical parameters to compare models by. The four
parameters, being the Average Corrected/Predicted f’m, Standard Deviation, COV, and R?,
allowed for the ASTM C1314 standard to be chosen for the mortared compressive strength
model and AS 3700 standards to be utilized for the mortarless compressive strength model. With
the mortared model, an evaluation comparing the six existing models of CEB was conducted.
The results found that by using the four analytical parameters, as well as evaluating the data sets
from their respective figures, our chosen model of ASTM C1314 was the most accurate

prediction model for the overall experimental data sets analyzed.

Recommendations

To progress the future of compressed earth block, due to the current state of standardization
in the United States, multiple areas of study should employ additional research or development.
These main points are dictated mainly by details that could be found in focused experimental

analyses.

To set a basis, more research would be required in the geotechnical field in order to develop a
geotechnical analysis on the optimal soil conditions for CEB to hold together the greatest.
Considering the options worldwide, many people do not have the capabilities to measure
moisture content initially or estimate the soil degradation that would be best for a CEB block to

stabilize. In this case, the research would go into base values of soil considering location, finding



IMPLEMENTATION OF COMPRESSED EARTH BLOCK 105

the perfect soil range that would allow for production to occur instantly after extraction, and
what that specifically looks like coming from both the lab-capable and those without that

resource.

Secondly, it is imperative to conduct more research on specific mechanical properties in
preparation for additional considerations that could arise when creating a finished standardized
manual for CEB in the US. From the results, CEB seems to have both positive and negative
mechanical qualities for use as a singular block to its possibilities in construction as a housing
wall. More properties, outside of the compressive strength and durability, would prove beneficial

to forward the known qualities of CEB in standardization.

Additionally, the environmental effects take on a significant impact with CEB’s suitability as
a sustainable solution to continue a cycle for the future. Zhang et al. (2024) highlight this in their
own figure for CEB’s sustainable impact, but on its own could call for a need to conduct
additional assessment, specifically a life cycle assessment for how the future of soil extraction,
production, and transportation could better showcase the benefit that CEB brings into the world,

environmentally, socially, and educationally.

Another means of development is the current state CEB has in the construction industry.
Compressed earth block currently is not being widely utilized as a major construction material,
so to combat this, we would recommend following through with the Holistic Action Plan. The
five main categories address a potential barrier stopping the increased promotion of CEB, and by
using the Holistic Action Plan, CEB could have the opportunity to showcase itself as an

impactful and updated addition to the housing construction industry moving forward.
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When it comes to the improvement of the prediction model for CEB mechanical
properties, recommendations can be easily made. One of the larger challenges that come up with
the data analysis refers to the amount of literature included within the wide range selected for a
predicted model development. The best way for developing prediction models for different
mechanical properties of CEB structural elements is using regression analysis or machine
learning analysis based on a large experimental database collected from literature. The current
model supports the data points from approximately refined twenty literature sources for mortared
and five literature sources for mortarless. With more data points for the regression analysis
considered, the model can serve as a better representation of CEB construction and its limitations
in the development of constructing wall assemblies. Another means to recommend is the
development of block masonry standards. At their current state, block masonry standards are
behind in their updates, so with an improvement model based on research from updated sources
and tests, this would change the regression analysis for the model development and possibly
prove the standard as the most accurate prediction model or disprove its current standing from

data analysis.
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